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Preface
Polychlorinated biphenyls (PCBs) are ubiquitous environmental toxins known to
adversely affect the central nervous system - in particular, the dopaminergic system. The
reinforcing properties of psychostimulants are typically modulated via the brain’s
dopaminergic system. Chapter 1 includes a brief introduction about the structure of
PCBs, how exposure occurs, and their effects on human health. This is followed by two
separate manuscripts on the effects of developmental PCB exposure on cocaine
behavioral sensitization (Chapter 2) and intravenous self-administration (Chapter 3).
Chapter 2, entitled “Cocaine sensitization in adult Long-Evans rats perinatally exposed to
polychlorinated biphenyls”, has been formatted for submission to Toxicological Sciences.
Chapter 3, entitled “Acquisition of cocaine self-administration is enhanced in rats
perinatally exposed to PCBs”, is formatted for submission to Neurotoxicology and
Teratology. Chapter 4 evaluates the effects of perinatal PCB-exposure on the expression
of two transporters – the dopamine transporter (DAT) and vesicular monoamine
transporter (VMAT). Both of these dopamine (DA) transporters have been shown to play
a role in the motor-activating and reinforcing properties of psychostimulants and their
expression is altered by perinatal PCB exposure. Data from Chapter 4 will be included in
a review to be submitted as a book chapter for publication in The Handbook of
Developmental Neurotoxicology (2nd Edition) to be published by Elsevier. Chapter 5
provides an overall summary and some final conclusions.
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Abstract
Miller, Mellessa M., Ph.D. The University of Memphis. August, 2016. Perinatal PCB
Exposure Alters the Behavioral Response to Psychostimulants in Adult Rats: Potential
Involvement of the Dopamine and Vesicular Monoamine Transporters. Major Professor:
Helen J. Sable, Ph.D.
The reinforcing properties of psychostimulants are typically modulated via the
dopaminergic system. Developmental exposure to polychlorinated biphenyls (PCBs) in
rats has been shown to produce alterations in the dopamine system that persist into
adulthood. This research has been able to demonstrate that perinatal PCB exposure: a)
enhances the acute motor activating effects of cocaine, b) decreases the time course for
establishment of cocaine behavioral sensitization, c) enhances the acquisition of
intravenous cocaine self-administration, and d) affects the expression of two dopaminergic
transporters: the dopamine transporter (DAT) and the vesicular monoamine transporter
(VMAT). Both PCBs and cocaine act on these two dopaminergic transporters and could
be possible mechanisms that contribute to PCB-induced alterations associated with the
behavioral changes described above. Western blot was used to quantify DAT and VMAT
expression in striatal and medial prefrontal cortex samples (mPFC) taken at weaning
(postnatal day 21) in male and female rats exposed to PCBs in utero and by lactational
transfer. Differences in the DAT and the VMAT expression were found in the weanlings
exposed to PCBs (i.e., 3 and 6 mg/kg/day orally to the dam) in comparison to the nonexposed weanlings (0 mg/kg/day PCBs). Such results provide evidence of PCB-induced
developmental insult to the dopaminergic transporters which can perhaps explain the
altered behavioral response that occurs following psychostimulant administration later in
life.
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Chapter 1: PCB Background
PCB Chemical Structure and Properties
Polychlorinated biphenyls (PCBs) are a class of organic compounds that are
comprised of two benzene rings and anywhere from one to 10 chlorine atoms. As such,
there are 209 possible combinations of chlorine substitutions, and these different
combinations are known as congeners (Hansen, 1999). Aroclor refers to mixture of PCBs
according to the percentage by weight of chlorine content (Safe, 1994). There are
generally two classes of PCB congeners, coplanar and ortho-substituted. Coplanar PCB
molecules exist in a single plane or flat configuration and have the chlorine atoms in the
meta or para positions. Specifically, to remain in a planar conformation the molecule
must have zero or one ortho chlorine (positions 2, 2’, 6, or 6’), two meta chlorines
(positions 3 or 3’ and 5 or 5’), and at least one para chlorine (positions 4 or 4’) (Sable &
Schantz, 2006). Such congeners are similar in structure to dioxins (i.e., they are
considered to be “dioxin- like”) and are the more overtly toxic of the two classes (Faroon,
Jones, & de Rosa, 2000). Conversely, ortho-substituted congeners consist of those with
chlorine atoms in the ortho positions (e.g., positions 2 and 2’ and/or 6 and 6’) of the PCB
molecule. The ortho-substitutions cause the chlorine atoms to repel each other, pushing
the molecule into a non-planar configuration (Faroon et al., 2000). Thus, these congeners
are often noncoplanar and are considered to be “non-dioxin like” in chemical activity.
are PCBs are very stable compounds and for the most part chemically inert, which is why
they do not degrade readily (Safe, 1994). These attributes accounted for their industrial
use as a good electrical insulator, but also explains their persistence in the environment.
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Environmental Toxicology and Bioaccumulation
Polychlorinated biphenyls are considered “multimedia” chemicals, which mean
they contaminate air, water, and soil. PCBs enter the environment from products
containing them through spills, leaks, fires or through their disposal at hazardous waste
sites, incineration of waste, illegal or improper disposal of industrial waste, and leaks
from old electrical transformers (ATSDR, 2001). Because PCBs are generally not watersoluble, they deposit onto organic particles and bottom sediments. PCBs do not readily
break down in the environment, thereby remaining for very long periods of time,
typically until remediated. PCBs that have accumulated in soil or sediment are taken up
by zooplankton or phytoplankton. Smaller organisms feed on the contaminated plankton,
and they in turn, are consumed by larger organisms. Bioaccumulation and
biomagnification of PCB contamination continues up the food chain as larger organisms
including humans consume these contaminated food sources. PCBs are very lipophilic
and are stored in the fatty tissue. In particular, this fatty tissue accumulation allows for
mammals to pass PCBs on to their young in uteri and during lactation.
Route of Exposure and Human Health Issues
PCB exposure in humans can occur by breathing in air from nearby hazardous
waste sites containing PCBs, drinking PCB-contaminated well water, and/or dietary
sources such as fish caught in PCB-contaminated rivers or lakes, or meat and dairy
products that have been contaminated with PCBs. Most exposure is via oral consumption
of contaminated food sources and the bulk of human exposure is usually from long-term,
low-dose exposure. PCBs readily pass through placental lines and can affect offspring
during gestation. Additionally, high concentrations can accumulate in breast milk
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affecting offspring through lactation. Most research in humans thus reflects PCB
exposure in uteri and/or during lactation (ATSDR, 2001).
As mentioned above, PCBs are very lipophilic and accumulate in adipose tissue
and in the brain. Emerging evidence suggests that environmental contamina nts (such as
PCBs) may be playing a role in the increasing number of developmental and neurological
disorders observed in the US population over the last 30 years (CDC, 2005). Of particular
relevance to this study is that PCB exposure has been found to impair inhibitory control
in rats (Holene, Nafstad, Skaare, Krogh, & Sagvolden, 1999; Holene, Nafstad, Skaare, &
Sagvolden, 1998; Sable, Eubig, Powers, Wang, & Schantz, 2009; Sable & Schantz,
2006), monkeys (Mele, Bowman, & Levin, 1986; Rice, 1997, 1998), and humans
(Jacobson, Jacobson, Padgett, Brumitt, & Billings, 1992; Stewart et al., 2005; Stewart,
Reihman, Lonky, Darvill, & Pagano, 2003; Stewart et al., 2006). Inhibitory control
issues are also a risk factor for drug addiction in humans (de Wit, 2009; Ivanov, Schulz,
London, & Newcorn, 2008; Tarter, Kirisci, Feske, & Vanyukov, 2007; Verdejo-Garcia,
Lawrence, & Clark, 2008; Volkow, Fowler, & Wang, 2004; Volkow, Fowler, Wang, &
Goldstein, 2002) and in animals (Belin, Mar, Dalley, Robbins, & Everitt , 2008; Dalley et
al., 2008; Jentsch & Taylor, 1999; Mitchell, Reeves, Li, & Phillips, 2006; Perry, Larson,
German, Madden, & Carroll, 2005; Winstanley, Olausson, Taylor, & Jentsch, 2010). A
link between perinatal PCB exposure and attention deficit hyperactivity disorder (ADHD)
has been discussed repeatedly in the literature (see Eubig, Aguiar, & Schantz, 2010;
Newman, Behforooz, Khuzwayo, Gallo, & Schell, 2014; Polanska, Jurewicz, & Hanke,
2013; Verner et al., 2015). Conversely, ADHD is a disorder often characterized by
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dopamine dysfunction and inhibitory control problems (Albrecht et al., 2014; Mulligan,
Kristjansson, Reiersen, Parra, & Anokhin, 2014).
PCBs, Psychostimulants, and Dopamine Transporter Action
Dopamine is involved in cognition, attention, learning, motor activity, mood,
motivation and reward (Jones & Miller, 2008). Thus, any alterations in dopamine
function can adversely affect any of these neurological processes and consequently
behavior. The brain dopaminergic system appears to be a highly selective target of PCB
exposure (Faroon et al., 2000; Jones & Miller, 2008). A number of studies have
demonstrated the importance of dopamine in various types of executive functioning,
which include inhibitory control and impulsivity (see Sable & Schantz, 2006). As in
ADHD, the deficits in inhibitory control performance following PCB exposure are
believed to result from depleted dopamine in the prefrontal cortex (PFC) caused by the
PCB exposure (Eubig, Noe, Floresco, Sable, & Schantz, 2014; Sable et al., 2009).
PCBs affect dopamine regulation on several levels, including dopamine synthesis,
dopamine reuptake and storage, and dopamine release (Angus et al., 1997; Bemis &
Seegal, 2004; Mariussen, Andersson, Tysklind, & Fonnum, 2001; Mariussen & Fonnum,
2001; Seegal, Brosch, Bush, Ritz, & Shain, 1989; Seegal, Brosch, & Okoniewski, 1997;
Seegal, Bush, & Shain, 1990; Seegal, Okoniewski, Brosch, & Bemis, 2002). Previous
research has established that perinatal PCB exposure in laboratory animals can reduce the
concentration of dopamine in specific brain regions such as the striatum (Seegal, 1994),
and frontal cortex (Seegal et al., 1997). Adult exposure to commercial Aroclor mixtures
consisting of mostly non-coplanar PCB congeners has been shown to decrease dopamine
concentrations in the striatum of rats (Seegal et al., 2002), mice (Richardson & Miller,
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2004), and non-human primates (Seegal, 1996; Seegal, Bush, & Brosch, 1991, 1994;
Seegal et al., 1990). Also, similar effects have been established in these brain regions
with in vitro studies (Lee & Opanashuk, 2004; Lyng & Seegal, 2008).
PCBs Alter the Behavioral Response to Psychostimulants
A few studies have already established that PCB exposure changes how rats
perinatally exposed to PCBs respond to experimenter-administered psychostimulants.
Adult rats perinatally exposed to PCBs were more sensitive to the interoceptive effects of
cocaine, but less sensitive to the interoceptive effects of amphetamine as measured in a
drug discrimination paradigm (Sable, Monaikul, Poon, Eubig, & Schantz, 2011).
Likewise, it was demonstrated in adult rats that perinatal PCB exposure had enhanced
locomotor activation to an acute dose of amphetamine but locomotor activity was
attenuated following repeated injections of amphetamine in comparison to controls (Poon
et al., 2013).
Fielding et al. (2013) demonstrated differences in adult rats perinatally exposed to
PCBs using in vivo fixed potential amperometry (FPA) following a single injection of
cocaine, as well as repeated cocaine injections, in comparison to non-exposed controls.
PCB-exposed rats exhibited enhanced stimulated peak dopamine release in the nucleus
accumbens core following a single injection of cocaine (Fielding et al., 2013). However,
while control animals exhibited a significant increase in stimulated dopamine release
following repeated cocaine injections (an effect tied to dopamine sensitization),
stimulated peak dopamine release in the PCB-exposed rats was attenuated following
repeated cocaine administration (Fielding et al., 2013). Additional results suggested this
attenuation may have been tied to depletion of presynaptic dopamine stores (Fielding et
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al., 2013). Such results may also explain the attenuated behavioral sensitization
previously reported in PCB-exposed rats given repeated injections of amphetamine (Poon
et al., 2013).
As mentioned above, PCBs are known to affect dopamine neurotransmission via
alterations in dopamine synthesis, dopamine reuptake and storage, and dopamine release
(Angus et al., 1997; Bemis & Seegal, 2004; Mariussen & Fonnum, 2001; Seegal et al.,
1989; Seegal et al., 1997; Seegal et al., 1990; Seegal et al., 2002). PCBs inhibit the
dopamine transporter (DAT) which is important for dopamine reuptake into the
presynaptic terminal from the synapse (Dervola, Johansen, Walaas, & Fonnum, 2015;
Richardson & Miller, 2004; Seegal, 1994, 1996; Seegal et al., 1991, 1994; Seegal et al.,
1990; Seegal et al., 2002; Wigestrand, Stenberg, Walaas, Fonnum, & Andersson, 2013).
Also, PCBs have been shown to inhibit the vesicular monoamine transporter (VMAT)
(Bemis & Seegal, 2004; Richardson & Miller, 2004) which is important for packaging
and storing free terminal dopamine into synaptic vesicles for future release.
Gaps in the Knowledge and Current Research
Overall, these studies suggest perinatal PCB exposure modifies interoceptive cues
of psychostimulants, behavioral sensitization of amphetamine, and dopamine
sensitization (as measured by FPA) of cocaine. One of the present studies (see chapter 2)
was done to assess behavioral sensitization of cocaine. This research confirmed that the
locomotor-activating effects and sensitization of cocaine are altered by perinatal PCB
exposure. It is important to note that all of the aforementioned studies were limited since
they only included evaluations of how perinatal PCB exposure influenced the response to
experimenter-administered psychostimulants. Chapter 3 presents data that demonstrated
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perinatal exposure to PCBs affects a more direct measure of psychostimulant reward –
self-administration. Specifically, this project established that the reinforcing properties of
a psychostimulant were affected by perinatal PCB exposure by measuring intravenous
self-administration (IVSA) of cocaine. Lastly, PCBs are known to affect the expression
of DAT and VMAT. Also, psychostimulants mediate the DAT and the VMAT as sites of
action. Hence, it is likely that alterations in the expression of these transporters following
perinatal PCB exposure would alter the behavioral response to psychostimulants. Chapter
4 presents data that looked at the expression of these transporters at weaning on postnatal
day (PND) 21 (immediately after PCB exposure ended) in PCB-exposed versus control
animals. This was done to determine if differences in transporter expression present at
weaning could help explain the differential response to psychostimulants that occurred
during adulthood.
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Chapter 2: Cocaine Sensitization in Adult Long-Evans Rats Perinatally Exposed to
Polychlorinated Biphenyls
INTRODUCTION
Polychlorinated Biphenyls (PCBs) are ubiquitous environmental toxins that were widely
used in industry until they were banned in the late 1970s. PCBs are very persistent in the
environment and disperse into air, water, and soil where they bioaccumulate in the
ecosystem (Gdaniec-Pietryka et al., 2013). This has led to their biomagnification up the
food chain which results in one of the primary routes of human exposure (ATSDR,
2001). PCBs are very lipophilic and accumulate in brain and mammillary tissues. PCBs
readily cross the placenta, and are present in breast milk and thus released during
lactation; thereby, leading to developmental exposure in the fetus/infant (Schantz, 1996).
Of the PCB classes, ortho-PCBs have been implicated in adversely affecting the central
nervous system (CNS) and in particular, the dopaminergic system as a major selective
target (Faroon et al., 2000).
PCBs affect dopamine synthesis, dopamine reuptake and storage, and dopamine
release (Angus et al., 1997; Bemis and Seegal, 2004; Mariussen and Fonnum, 2001;
Seegal et al., 1989; Seegal et al., 1997; Seegal et al., 1990; Seegal et al., 2002).
Previous research has established that perinatal PCBs alter the concentration of dopamine
in specific brain regions such as the striatum (Seegal, 1994) and frontal cortex (Seegal et
al., 1997) in laboratory animals. Adult exposure to commercial Aroclor mixtures
consisting of mostly non-coplanar PCB congeners has been shown to decrease dopamine
concentrations in the striatum of rats (Seegal et al., 2002), mice (Richardson and Miller,
2004), and non-human primates (Seegal, 1996; Seegal et al., 1994; Seegal et al., 1991;
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Seegal et al., 1990). Similar effects have been established in these brain regions with in
vitro studies (Lee and Opanashuk, 2004; Lyng and Seegal, 2008). PCBs may be altering
the uptake of dopamine by inhibiting the dopamine transporter (DAT) and/or inhibiting
the vesicular monoamine transporter (VMAT) (Jones and Miller, 2008). Studies suggest
that PCB-induced VMAT inhibition is responsible for decreased extracellular dopamine
concentrations (Bemis and Seegal, 2004) while other studies suggest that DAT inhibition
is what contributes to the changes observed in extracellular dopamine concentrations as a
consequence of PCB exposure (Richardson and Miller, 2004; Seegal, 1996; Seegal,
1994; Seegal et al., 1997; Seegal et al., 1994; Seegal et al., 1991; Seegal et al., 1990;
Seegal et al., 2002; Wigestrand et al., 2013).
Rats perinatally exposed to PCBs have exhibited alterations in behavior following
administration of psychostimulants. PCB exposure has been shown to alter the
discriminative stimulus effects of cocaine and amphetamine in adult rats perinatally
exposed to PCBs (Sable et al., 2011). Research has also demonstrated that the locomotor
activating effects following a single intraperitoneal amphetamine injection, as well as
behavioral sensitization to repeated intraperitoneal injections of amphetamine, were
affected by perinatal PCB exposure (Poon et al., 2013). Furthermore, adult rats
perinatally exposed to PCBs exhibited differences in stimulated dopamine release
following single and repeated cocaine injections in comparison to non-exposed controls,
as measured by in vivo fixed potential amperometry (Fielding et al., 2013). The
mechanism for these differences in psychostimulant behavioral responses of adult rats
perinatally exposed to PCBs appears to be tied to alterations in dopamine signaling.
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This study looked at the effects of PCB exposure during gestation and lactation on
cocaine behavioral sensitization in Long-Evans rats. Specifically, this study examined the
effects of perinatal PCB exposure on adult cocaine behavioral sensitization. We expected
to demonstrate differences in the locomotor-activating effects of experimenteradministered cocaine in PCB-exposed animals. In line with the results of Fielding et al.
(2013) who demonstrated stimulated DA release to the first injection of cocaine was
enhanced in rats exposed to PCBs but later attenuated (compared to control rats not
exposed to PCBs) following repeated cocaine injections; we hypothesized that locomotor
activation following the first injection of cocaine would be higher in rats developmentally
exposed to PCBs but that behavioral sensitization following repeated injections of
cocaine would be attenuated in these rats relative to controls.
PCB exposure has been shown to alter expression of the dopamine transporters,
DAT and VMAT (Richardson and Miller, 2004). Likewise, cocaine exposure is also
known to impact the DAT and the VMAT (Brown et al., 2001). Given that the DAT and
VMAT are both shared sites of action for PCBs and cocaine, expression of these
transporters in the striatum and mPFC were examined. Both the mPFC and striatum are
intricately involved in psychostimulant- induced locomotor behavior (Steketee, 2003;
Wolf & Xue, 1998). Thus, differences in DAT and/or VMAT protein expression in these
brain regions could indicate potential mechanisms whereby PCB-induced alterations in
dopamine neurotransmission affect locomotor behavior. Altogether these findings helped
to ascertain whether developmental PCB-exposure does produces long-term
dopaminergic alterations in brain regions associated with psychostimulant reward.
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MATERIALS AND METHODS
Subjects. Thirty-seven nulliparous female Long-Evans rats (Harlan Barrier 202A;
Indianapolis, IN) were used. All rats were maintained in a temperature- and humiditycontrolled room (22° C, 40-55% humidity) on a 12-hr light/dark cycle (lights on 0800)
and were housed in standard rat shoebox cages containing Harlan Teklad Laboratory
Grade Sani-Chip bedding. All rats were given water ad libitum and fed a diet of Harlan
Teklad 2020X. This was a high-protein, low phytoestrogen diet which helped maintain
overall rodent health and ensured that pregnant females were able to support their litters.
All procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Memphis (see protocol in Appendix) and were in
accordance with the Public Health Service Policy on Humane Care and Use of
Laboratory Animals (NIH, 2002) and the Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research (2003).
PCB exposure. Upon arrival, each female was weighed and given an undosed
vanilla wafer cookie to acclimate it to eating this novel food item. The female rats were
divided into one of the three PCB dose groups which were counterbalanced for body
weight. Dosing procedures were identical to those used by Sable et al. (2011) and Poon et
al. (2013). The PCB mixture consisted of: 35% Aroclor 1242 (Monsanto Lot KB 05–
415); 35% Aroclor 1248 (AccuStandard Lot F-110); 15% Aroclor 1254 (Monsanto Lot
KB 05–612); and 15% Aroclor 1260 AccuStandard Lot 021-020). The stock solution of
the Fox River PCB mixture (Kostyniak et al., 2005) was diluted with corn oil to make
three dosing solutions: 0 µl/ml PCBs (corn oil only; n = 14 litters), 7.5 µl/ml PCBs (n =
12 litters), and 15.0 µl/ml PCBs (n = 11 litters) which were confirmed using analytical
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methods (GC-MS). The stock solution was pipetted onto a vanilla wafer cookie at a
volume of 0.4 mL/kg according to dam weight to yield final doses of 0, 3, and 6
mg/kg/day, thereby establishing the three dosing groups. It is known that the highest PCB
dose (6 mg/kg/day) results in reduction in postnatal body weight gain, and that these
effects mirror those found in postnatal weight gain in children perinatally exposed to
PCBs (Govarts et al., 2012; Kostyniak et al., 2005). Consumption of the cookie was
visually confirmed each day.
Breeding. After a PCB body-burden of each respective PCB dosage had been
established for 28 days in the females, they were paired with an unexposed Long-Evans
male rat (Harlan barrier 202A). Breeding pairs remained together for eight days, with the
female being removed for PCB dosing daily as previously described. Pregnancy was
confirmed by an increase in body weight and the breeding pair was separated. The
pregnant females continued to be dosed throughout gestation (roughly twenty-one days)
and lactation (twenty-one days).
Weaning. At weaning, on postnatal day (PND) 21, one male/female pair from
each litter was sacrificed to determine physiological and histological measures of
toxicity. Physiological measures including the dam liver-weight, number of embryo
implantation sites in the dam, and brain:body-weight, liver:body-weight and
thymus:body-weight ratios in the pups were taken as was the percent of gestational and
lactational weight-gain in the dams and postnatal body weights of the pups on PND 0, 7,
14, and 21. These measures were very similar to what has previously been reported
(Sable et al., 2011). In each litter, one additional female and male were tested for cocaine
behavioral sensitization as described below. The weaned pups were transferred to a
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different room with a light cycle of 14-hr light and 10-hr dark cycle (on at 0800, off at
2200). There the pups were paired or triple-housed according to cohort, exposure group,
and gender until PND 90
Apparatus and program. Behavioral sensitization was conducted in eight sex-specific
automated activity box chambers (Med Associates; St. Albans, VT). These chambers
were both sound attenuated and ventilated with a fan. The chambers consisted of a square
plastic arena (46.5 x 46.5 x 46.5 cm) bisected with an array of photobeams and equipped
with a tracking system (Med Associates). All activity chambers were controlled by a PC
equipped with Med–PC IV software (Med Associates).
Drugs. Cocaine hydrochloride (Sigma, St. Louis, MO) was dissolved in pharmaceuticalgrade 0.9% saline to yield a 10 mg/kg concentrations and a final challenge concentration
of 20 mg/kg. All cocaine concentrations were delivered via intraperitoneal (IP) injections
according to the animal’s weight in a volume of 1 ml/kg. These concentrations have been
used successfully in previous studies examining cocaine locomotor activation and
cocaine behavioral sensitization (Carey and Gui, 1997; Henry and White, 1995;
Todtenkopf and Carlezon, 2006). The 10 mg/kg concentration of cocaine was chosen
after a pilot study of 20 mg/kg resulted in a locomotor ceiling effect after the first dose.
The10 mg/kg and 20 mg/kg cocaine concentrations have been shown to result in different
levels of locomotor behavior (Gulley et al., 2003). The final challenge concentration of
20 mg/kg was chosen to determine if perinatal PCB-exposure would attenuate cocaineinduced locomotor activity only after sensitization had been established to the 10 mg/kg
cocaine dose. Also, the 20 mg/kg concentration was examined in order to afford some
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degree of comparison to Fielding et al. (2011) which measured stimulated dopamine
release to single and repeated injections of 20 mg/kg cocaine, but in anesthetized animals.
Procedure. Fig. 1 is an overview of the timeline for perinatal exposure to PCB, weaning,
and behavioral testing with subsequent post-mortem collection. When the rats reached
PND 90, they were placed on an IACUC-approved food deprivation schedule of 90% of
their free-feeding weight in order to maintain a relatively consistent body weight of the
animal throughout the study (Spindler, 2012). All animals were weighed and fed at
approximately the same time each day, during the lights-on phase of the cycle.
Cocaine behavioral sensitization. On PND 90, the rats began behavioral testing in the
activity boxes in a designated testing room. Each daily session consisted of a preinjection habituation period and a post-injection test period. Each pre-injection (i.e.,
habituation) session was 30 min (consisting of 3-, 10-min blocks) and began by placing
the rat into the chamber where activities of distance traveled (horizontal counts) and
rearing (vertical counts) were measured. After this pre-injection period, the rat was given
an intraperitoneal (IP) injection of saline exclusively on PND 90, and an IP 10 mg/kg
cocaine injection every day for 6 days on PND 91-96, and for a single day on PND 103.
After IP injection of either saline or cocaine the rat was immediately placed back into the
activity box for the post-injection testing period which lasted for 60 min (consisting of 6-,
10-min blocks). Lastly, on PND 110, a final challenge injection of 20 mg/kg cocaine was
administered via IP injection after the pre-injection habituation period. On PNDs 97-102
and 104-109 the rats remained in the colony room and did not undergo behavioral testing
and were not administered cocaine. The testing chambers were thoroughly cleaned at the
conclusion of each post-injection run.
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FIG. 1. The stock solution of the Fox River PCB mix was dissolved in corn oil to yield
0, 7.5, and 15.0 mg/ml concentrations. Based on the body weight of the dam, one
concentration was pipetted onto half a vanilla wafer to yield a daily PCB dose of either 0
(corn oil only), 3, or 6 mg/kg body weight. Each dosed cookie was orally consumed by
the dam. On PND 117 (after behavioral testing), brains were removed and striatum and
mPFC sectioned out and rapidly frozen for later analysis (n = 9-10 animals/PCB exposure
group). Behavioral sensitization testing began on PND 90 and commenced on PND 110
(n = 11-14 animals/PCB exposure group). GD = gestational day; PND = postnatal day.
Post-mortem tissue collection. Post-mortem brain tissue samples were collected
seven days after testing ended (i.e., on PND 117). This timeframe was based on the
hypothesis that any changes in expression of the transporters (DAT and VMAT) that
were directly associated with cocaine exposure, would stabilize, thereby leaving a more
indelible footprint associated with perinatal PCB exposure. Striatum and mPFC samples
were dissected from Bregma forward with blunt dissection of striatum and mPFC
removed with brain block. All samples were collected at the time of sacrifice, and frozen
in liquid nitrogen then stored at -80°C. Stored samples were analyzed using Western blot
to quantify expression of the DAT and the VMAT proteins in each region.
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Western blot analysis. Quantification of the DAT and VMAT in the striatum and
mPFC was conducted in a random subset of littermate pairs from each PCB exposure
group animals (n = 9-10 litters/exposure group). The previously stored tissue samples
were thawed on ice and processed using a high-speed tissue grinder in T-PER Reagent
(Thermo Scientific, Rockford, IL) + Protease Inhibitor (PI) (Roche, Nutley, NJ) according
to sample weight using a weight:volume ratio of 1/30. Protein amount per sample was
determined by Coomassie Plus (Thermo Scientific, Rockford, IL) Bradford analysis. A
determined protein concentration was matched to an equal volume of 2X Laemmli buffer
(Sigma) and heated to ~95ºC for 5 min. The determined protein concentration of 20 μg
was loaded onto a Pierce® precise protein 10% acrylamide gel (Thermo Scientific,
Rockford, IL) using a Novex mini tank (Invitrogen, Carlsbad, CA) filled with 1X
Tris/Hepes/SDS running buffer (Fisher, Rockford, IL). Electrophoresis was run at 100
volts for approximately 65 min. The proteins were then transferred with Pierce® semi-dry
transfer buffer using an Owl HEP-3 semi-dry electroblotter (Thermo Scientific, Rockford,
IL) onto Whatman® nitrocellulose membrane. Transfer was set at 65 volts for 120 min.
The blots were incubated for 1 hr at room temperature in a blocking buffer solution
containing 5% bovine serum albumin (Thermo Scientific, Rockford, IL) dissolved in
phosphate buffered saline with .1% tween (PBSt). All Antibodies were diluted into a
PBSt solution containing 5% bovine serum albumin.

Primary antibodies included

primary anti-DAT (1:1000, Chemicon, Temecula, CA); primary anti-VMAT-2 (1:1000,
Thermo Scientific, Rockford, IL); or primary anti-Actin (1:1000, Abcam, Cambridge,
MA) and incubated overnight at 4ºC. After washing in PBSt, affinity purified HRPconjugated secondary antibodies were added to membranes and incubated for 1 hr at room
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temperature with secondary anti-DAT (1:3500, Chemicon, Temecula, CA); secondary
anti-VMAT-2 (1:6500, Thermo Scientific, Rockford, IL) or secondary anti-Actin (1:5000,
Chemicon, Temecula, CA). After completion of the secondary antibody incubation, the
blot was rinsed in PBSt and exposed with SuperSignal® West Femto Maximum
Sensitivity Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL) for 5 min.
The signal solution was prepared by mixing the two substrate components to a 1:1 ratio.
The image was captured using a high speed digital camera and analyzed using ImageJ
software (NIH). A total of two blots were run, each blot consisted of 1-3 lanes per sample
from each rat’s particular brain region, and were averaged together after each lane was
normalized against its β-actin protein. Thus, a total of five to six lanes per sample from
each rat’s particular brain region were averaged together for a final specific protein ratio.
Each blot consisted of a positive control sample lane that was used for standardization for
blot to blot analysis. The standardized positive control consisted of weanling PCBexposed striatum and mPFC brain tissue samples collected from several animals.
Data Analysis. All statistical analyses were conducted using SPSS for MS Windows
(version 23.0, SPSS Inc.; Chicago, IL) with statistical significance set at p < 0.05 and
described below. All dependent variables are listed in Table 1.
Behavioral data. The dependent variables for behavioral testing are listed in Table
1 and included distance traveled (in cm) and the total number of vertical photobeam
breaks. Each dependent variable was analyzed with a 3 (PCB exposure) x 2 (sex) x 3 or
6 (10-min block) mixed ANOVA with PCB exposure group as the between-subjects
factor, and sex (nested within litter) and 10-min block of activity both as the repeatedmeasures factors. The data from days 2-7 and 14 (10 mg/kg IP cocaine) also including
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testing day as an additional repeated-measures factor. This was not done for the analysis
of data from day 1 (saline) and 21 (20 mg/kg IP cocaine). Data from these two days were
each analyzed separately in accordance to the compound (saline or 20mg/kg cocaine) that
was administered.
In the interest of brevity only significant PCB exposure and sex-related effects are
presented. When significant PCB exposure-related effects were observed in the ANOVA,
then additional analyses were conducted using Dunnett post hoc t-tests to determine the
nature of each significant effect. To reveal the true nature of potential sex differences, if
the main effect of sex or the exposure x sex interaction was significant in the omnibus
ANOVA, follow-up analyses were conducted separately for each sex.
Western blot. The ratio of each protein (DAT:actin and VMAT:actin) was
normalized to the standard sample for each lane. Each animal had 2-3 lanes/blot in a
total of two blots. These adjusted ratios were averaged together and were analyzed
separately for striatum and mPFC. The adjusted average ratio was analyzed via a 3 (PCB
exposure) x 2 (sex) mixed ANOVA with PCB exposure group as the between-subjects
factor, and sex (nested within litter) as the repeated-measures factor.
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TABLE 1. Dependent Variables for Data Analyses
________________________________________________________________________
Type of Measure
Dependent variables
________________________________________________________________________
Behavioral
Pre-injection*+

a) Distance traveled in centimeters (cm)
b) Vertical photobeam breaks

Post-injection*+

a) Distance traveled in centimeters (cm)
b) Vertical photobeam breaks

Brain Region
Striatum

a) DAT protein expression
b) VMAT protein expression

mPFC

a) DAT protein expression
b) VMAT protein expression
________________________________________________________________________
Note. *Presented in 10-min blocks, +Analyzed across days where appropriate

RESULTS
Day 1 Pre-injection Habituation
Distance traveled. The analysis of distance traveled during the habituation period on the
first day of testing revealed a significant main effect of sex [F(1, 34) = 5.238, p = .028].
The males exhibited a greater distance traveled with a mean of 14448.66 cm (+/- 661.09)
than females who had a mean of 13054.56 cm (+/- 575.69) during this first pre-injection
habituation period. There were no significant PCB exposure-related differences. These
data are presented in Fig. 2, day 1.
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FIG. 2. The effects of developmental PCB exposure on distance traveled in centimeters
(cm) during the 30-min pre-injection period for the male and female offspring across all
testing days. Treatment groups were generally equivalent with the exception of the 3
mg/kg/day PCB females who had a smaller distance traveled than the non-exposed (i.e., 0
mg/kg/day PCB) females. Error bars represent standard error of the mean; ap<.05 from 0
mg/kg/day PCB group.
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Vertical counts. Analysis of the number of vertical counts during the habituation period
on day 1 also revealed a significant main effect of sex [F(1, 34) = 19.452, p < .001].
Males accrued more vertical photobeam breaks 177.89 cm (+/-7.74) overall than females
138.65 cm (+/- 5.59). In addition to this main effect, there was a significant sex x block
interaction [F(2, 68) = 4.708, p = .012]. As previously indicated, males displayed more
vertical activity, but this was particularly evident in the second testing block. There were
no significant PCB exposure-related differences. These data are presented in Fig. 3, day
1.
Day 1 Post-Saline Injection
Distance traveled. Statistical analysis of distance traveled after the injection of saline on
day 1 revealed a significant PCB exposure x block interaction [F(10, 170) = 1.992, p =
.037]. Within the first 10-min block only, rats exposed to 3 mg/kg/day PCBs displayed a
greater distance traveled than non-exposed controls (p = .015). The main effect of PCB
exposure was not significant. These data are presented in Fig. 4, day 1.
Vertical counts. Analysis of the number of accumulated vertical counts during the postsaline injection period revealed a significant main effect of sex [F(1, 34) = 14.689, p <
.001] and a significant sex x block interaction [F(5, 170) = 3.770, p = .003]. Males
accrued a greater number of vertical photobeam breaks 112.46 cm (+/-10.79) overall than
the females 65.08 cm (+/- 4.72) did, and this was especially evident in later testing
blocks. There were no significant PCB exposure-related differences. These data are
presented in Fig. 5, day 1.
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FIG. 3. The effects of developmental PCB exposure on vertical counts as indicated by
photobeam breaks during the 30-min pre-injection period for the male and female
offspring across all testing days. There were no notable PCB exposure-related effects.
Error bars represent standard error of the mean.
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FIG. 4. The effects of developmental PCB exposure on distance traveled in centimeters
(cm) during the 60-min post-injection period for the male and female offspring across all
testing days. Cocaine sensitization occurred in the 6 mg/kg/day PCB males and females
on day 3, while control males and females did not exhibit cocaine sensitization until days
6 and 5, respectively. Error bars represent standard error of the mean; ap<.05 from 0
mg/kg/day PCB group, bp=.06 from same exposure group on day 2, cp<.05 from same
exposure group on day 2, dp<.01 from same exposure group on day 2, ep<.05 from same
exposure group on day 14; SAL = saline, COC = cocaine.
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FIG. 5. The effects of developmental PCB exposure on vertical counts as indicated by
photobeam breaks during the 60-min post-injection period for the male and female
offspring across all testing days. There were no notable PCB exposure-related effects.
Error bars represent standard error of the mean; SAL = saline, COC = cocaine.
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Days 2-7, 14 Pre-injection Habituation
Distance traveled. Statistical analysis of distance traveled during the pre-injection
habituation period on days 2-7 and 14 revealed a significant sex x testing day interaction
[F(6, 204) = 3.253, p = .004]. Males exhibited greater locomotor activity than females,
especially on later testing days. There was also a significant exposure x testing day x
block interaction [F(24, 408) = 2.406, p <. 001] and a significant exposure x sex x testing
day x block interaction [F(24, 408) = 1.607, p = .036]. These significant interactions
were driven by a significantly lower distance traveled by the 3 mg/kg/day females on day
6. There were no other significant PCB-related differences. These data are presented in
Fig. 2, days 2-7 and 14.
Vertical counts. Analysis of vertical counts during the habituation period on days 2-7 and
14 revealed a significant main effect of sex [F(1, 34) = 12.131, p = .001] and a significant
sex x block interaction [F(2, 68) = 5.867, p = .004]. Males displayed more vertical
activity 128.22 cm (+/- 8.160) overall than females 95.629 cm (+/- 5.03), especially
within later testing blocks. Lastly, there were also significant PCB exposure x testing day
x block [F(24, 408) = 1.802, p = .012] and PCB exposure x sex x testing day x block
[F(24, 408) = 1.747, p = .017] interactions. However, post hoc Dunnett analyses
revealed no differences between PCB exposure groups versus same-sex non-exposed
control groups on any testing day. There were no other significant PCB-related
differences. These data are presented in Fig. 3, days 2-7 and 14.
Days 2-7, 14 Post-Cocaine Injections (10 mg/kg IP)
Distance traveled. Statistical analysis of distance traveled during the post-cocaine
injection periods on days 2-7 and 14 revealed a significant main effect of sex [F(1, 34) =
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7.521, p =. 010] and a significant sex x block interaction [F(5, 170) = 2.773, p = .020].
Overall, females 42639.67 cm (+/- 2910.07) displayed a greater distance traveled than
males 34344.95 cm (+/- 2910.07) following administration of 10 mg/kg cocaine (IP),
especially in later blocks. Most notably, however, there was a significant PCB exposure x
sex x testing day x block interaction [F(60, 1020) = 1.443, p = .017] (See Fig. 4, days 2-7
and 14). Within-group post hoc simple contrasts across testing days revealed that males
exposed to 6 mg/kg/day PCBs exhibited behavioral sensitization by day 3 (i.e., second
injection of cocaine), while 0 mg/kg/day PCB males (i.e., control males) and 3 mg/kg/day
PCB males did not exhibit sensitization until day 6. Post hoc Dunnett t-tests revealed
locomotor activation following the second cocaine injection on day 3 was significantly
higher in 6 mg/kg/day PCB males compared to 0 mg/kg/day PCB males. Within-group
post hoc simple contrasts across testing days revealed that females exposed to 6
mg/kg/day PCBs exhibited sensitization by day 3. Females exposed to 0 mg/kg/day PCBs
did not exhibit sensitization until day 5 and females exposed to 3 mg/kg/day PCBs did
not show sensitization until day 6. Post hoc Dunnett t-tests revealed locomotor activation
following the third cocaine injection on day 4 was significantly higher in 6 mg/kg/day
PCB females compared to 0 mg/kg/day PCB females.
Differences within testing blocks for days 3-6 are presented in Fig. 6. As previously
indicated, males exposed to 6 mg/kg/day PCBs expressed sensitization by day 3 which is
likely due to the consistent increase in ambulatory activity across the six 10-min blocks
relative to 0 mg/kg/day PCB exposed males on that testing day. With increasing testing
day, the distance traveled for the males exposed to 0 and 3 mg/kg/day PCBs gradually
increased, approaching that of 6 mg/kg/day PCB-exposed males. By day 6, cocaine
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behavioral sensitization was present in all three male exposure groups. A similar pattern
across blocks was seen in the females as 6 mg/kg/day PCB-exposed females attained
sensitization by day 3. While the increase in ambulatory activity across the six 10-min
blocks relative to 0 mg/kg/day PCB exposed females on day 3 was not as profound as in
the males, it became more apparent on day 4. Likewise (similar to the male data), by day
6 the control and 3 mg/kg/day PCB exposed females showed levels of ambulatory
activity comparable to that of 6 mg/kg/day exposed females. All three female exposure
groups exhibited cocaine sensitization by day 6.
Vertical counts. Analysis of vertical counts during the post-cocaine injection period on
days 2-7 and 14 revealed a significant sex x block interaction [F(5, 170) = 7.104, p <
.001] whereas the males had more vertical counts in the first 2 blocks (first 20 min)
females exhibited more vertical counts during blocks 2-6 (20-60 min). There were no
significant PCB-related effects. These data are presented in Fig. 5, days 2-7 and 14.
Day 21 Pre-injection Habituation
Distance traveled. The analysis of distance traveled during the habituation period on day
21 did not reveal any significant sex or PCB-exposure related differences. These data are
presented in Fig. 2, day 21.
Vertical counts. Analysis of vertical counts during the post-cocaine injection period on
day 21 revealed a significant main effect of sex [F(1, 34) = 5.957, p = .020] wherein
males 48.42 (+/- 3.20) had more vertical counts overall than females 40.00 (+/- 3.01).
There were no significant PCB-related effects. These data are presented in Fig. 3, day 21.
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FIG. 6. Distance traveled within each testing block for all exposure groups on days 3-6 (10 mg/kg IP) and day 21 (20 mg/kg IP) of
cocaine behavioral sensitization testing. At day 3, 6 mg/kg/day PCB males appeared fully sensitized while controls exhibited lower
levels of locomotor activity. The 6 mg/kg/day PCB females exhibited increased locomotor activity on day 3 as well, but appeared to
be fully sensitized by day 4. By day 6, female and male controls exhibited comparable levels of locomotor activity to the 6 mg/kg/day
PCB groups. When a final challenge injection was given with a higher dose of cocaine on day 21, the 6 mg/kg/day PCB males
appeared less activated by this cocaine dose, but the difference from the control group was not statistically significant. Likewise, the 3
mg/kg PCB females appeared to exhibit attenuated cocaine sensitization compared to controls following 10 mg/kg IP cocaine and
enhanced locomotor activation after the 20 mg/kg IP dose (day 21), but these differences did not reach the criterion for statistical
significance. Error bars represent standard error of the mean.
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Day 21 Post-Cocaine Injection (20 mg/kg IP)
Distance traveled. Analysis of distance traveled during the post-cocaine injection period
on day 21 revealed only a significant main effect of sex [F(1, 34) = 5.026, p = .032]
wherein the females 62890.80 (+/- 4949.94) had a greater distance traveled overall
compared to the males 50031.47 (+/- 4048.02). Pairwise analyses comparing distance
traveled on day 21 versus day 2 was significant for each exposure group (p < .05 in all
cases). However, the difference in distance traveled on day 21 versus day 14 was only
significant for the 3 mg/kg/day PCB females (p = .028). These data are presented in Fig.
4, day 21. Although a difference among PCB exposure groups across all testing blocks
for both the males and females appears evident (see Fig. 6, day 21), the analysis did not
reveal any PCB-related effects.
Vertical counts. Analysis of vertical counts during the post-cocaine injection period on
day 21 revealed a significant sex x block interaction [F(5, 30) = 3.187, p = .020].
However, pairwise comparisons for sex within each 10-min block did not reveal any
significant differences. The omnibus analysis also revealed a significant PCB exposure x
block interaction [F(10, 62) = 2.747, p = .007] as well as a significant PCB exposure x
sex x block interaction [F(10, 62) = 2.475, p = .015]. However, additional post hoc
Dunnett analyses did not reveal any significant differences between the non-exposed
control group and the 3 or 6 mg/kg/day PCB groups within any block for either sex.
These data are presented in Fig. 5, day 21.
Western Blot Results
DAT. No significant difference was found among the PCB exposure groups for the
adjusted ratio of DAT/β-actin in either the mPFC or the striatum. However, in the
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striatum, a significant sex difference was found [F(1, 26) = 13.182, p = .001], with
females 1.55 (+/- .09) having higher DAT expression than males 1.20 (+/-.11) in this
region. These data are presented in Fig. 7.
VMAT. No significant difference was found among the PCB exposure groups for the
adjusted ratio of VMAT/β-actin in either the mPFC or the striatum. However, in the
mPFC, a significant sex difference was found [F(1, 26) = 14.818, p = .001], with males
1.00 (+/- .04) having higher VMAT expression than females .80 (+/- .03). These data are
presented in Fig. 8.
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FIG. 7. No difference was observed in DAT expression among the PCB groups in either
the striatum or mPFC. However, there was a significant sex difference in the striatum,
with females having higher expression. Error bars represent standard error of the mean.
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FIG. 8. No difference was observed in VMAT expression among the PCB groups in
either the striatum of mPFC. However, there was a significant sex difference in the
mPFC, with males having higher expression. Error bars represent standard error of the
mean.
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DISCUSSION
Summary of Findings
The present study demonstrated that perinatal PCB exposure in adult Long-Evans rats
resulted in a greater degree of cocaine induced locomotor activation to the initial
injections of cocaine and a more rapid onset of cocaine behavioral sensitization in
comparison to controls. The degree of psychomotor activation elicited by cocaine was
substantially higher in the 6 mg/kg/day PCB males and females relative to their same-sex
controls after only the 2nd and 3rd injection of 10 mg/kg cocaine, respectively. This
ultimately resulted in a different time course for the onset of cocaine sensitization. While
the 6 mg/kg/day PCB males and females showed enhanced locomotor activity after just
the second IP injection of 10 mg/kg cocaine, the control males and females did not
exhibit sensitization to this dose of cocaine until day 6 and 5, respectively. These findings
suggest that the 6 mg/kg/day PCB rats were pre-sensitized to cocaine compared to the
non-exposed controls.
Horizontal versus Vertical Locomotor Activity: Regional Specificity
Several researchers have postulated that ambulatory activity (i.e., distance traveled in the
horizontal plane) is mediated by the mesoaccumbens dopamine system which ascends
from the midbrain ventral tegmental area to the nucleus accumbens (Sharp et al., 1987;
Wolf and Xue, 1998). As such, the early differences in distance traveled observed in the
rats developmentally exposed to 6 mg/kg/day PCBs in the current study could represent
an alteration in mesoaccumbens dopamine function – an outcome supported by the results
of Fielding et al. (2013) discussed earlier. Disruption of dopamine function in mPFC,
specifically hypofunctionality of mPFC dopamine, has also been linked to the expression
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of behavioral sensitization to psychostimulant drugs (Steketee, 2003). Developmental
PCB exposure has been shown to result in decreased levels of dopamine in the prefrontal
cortex (Seegal et al., 1997).
Interestingly, there were minimal PCB-related differences in vertical activity. Vertical
activity can include rearing behavior and/or head and forepaw movements associated
with stereotypy. Spontaneous hind leg rearing is believed to represent a novelty response,
a brain related behavior associated with projections to and from the hippocampus (Lever
et al., 2006). On the other hand, repetitive stereotyped behaviors are commonly observed
following repeated administration of psychostimulants, and are believed to be mediated
by nigrostriatal dopamine systems that project from the substantia nigra to the striatum
(Sharp et al., 1987; Wolf and Xue, 1998). For the subjects used in this study, it is
reasonable to infer PCB exposure did not differentially alter the effect of cocaine within
the nigrostriatal dopamine system. This outcome is somewhat surprising since previous
research has demonstrated developmental PCB exposure increased dopamine levels in
several brain regions including the substantia nigra and caudate nucleus (Seegal et al.,
1994).
Relevance to Previous Research
Poon et al. (2013) had similar findings in adult male rats (but not females) perinatally
exposed to PCBs that were administered repeated IP injections of amphetamine. We
found that with repeated cocaine injections, the degree of locomotor activation in nonexposed controls also increased and with subsequent daily cocaine injections it became
successively more difficult to distinguish between the controls and those perinatally
exposed to PCBs. Interestingly, with repeated amphetamine injections, PCB-exposed
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males exhibited a reduction in motor-activating effects in comparison to controls (Poon et
al., 2013); however, this attenuation was not observed in PCB-exposed animals following
repeated administration of 10 mg/kg cocaine. Conversely, a trend showing a decrease in
distance traveled for the PCB-exposed males following the 20 mg/kg dose of cocaine,
suggest this may be a function of cocaine dose. Recall that Fielding et al. (2013)
demonstrated that stimulated dopamine release (measured in the nucleus accumbens)
following a single injection of 20 mg/kg IP cocaine was significantly elevated compared
to non-exposed controls in fixed potential amperometry. However, with repeated
injections of 20 mg/kg IP cocaine, dopamine efflux was reduced in PCB-exposed rats
relative to controls. These results are similar to the behavioral profile Poon et al. (2013)
observed in the amphetamine behavioral sensitization and suggest a replication of this
study using a higher dose of cocaine throughout, might result in the same attenuated
locomotor response after repeated injections. However, as previously mentioned, a pilot
study revealed that dosing with 20 mg/kg IP cocaine from the start resulted in an
immediate locomotor ceiling effect such that sensitization could not be demonstrated. As
such, if a higher dose is to be examined to look for attenuated locomotor response
following repeated injections, it appears that the dose will need to be higher than 10, but
lower than 20 mg/kg IP.
Another consideration is that the interoceptive effects of cocaine and amphetamine
may have been differentially affected by perinatal PCB exposure. Indeed, previous
research using a drug discrimination paradigm found that PCB-exposed animals were
more sensitive to the interoceptive effects of cocaine but less sensitive to the
interoceptive effects of amphetamine in comparison to non-exposed controls (Sable et al.,
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2011). Thus, it is also possible that the blunted amphetamine sensitization response
observed by Poon et al. (2013) occurred because with repeated injections, the rats became
less sensitive to the interoceptive effects of amphetamine – an effect that did not happen
in this study with repeated injections of cocaine.
DAT and VMAT Expression in Cocaine Treated Rats Perinatally Exposed to PCBs
Psychostimulants affect the dopaminergic system to produce their reinforcing effects.
Cocaine acts as a potent DAT inhibitor by blocking dopamine from binding, thereby
preventing the transport of dopamine back into the presynaptic neuron. Therefore,
cocaine use results in an increase in extracellular dopamine and often DAT downregulation with chronic use (Jones and Miller, 2008; Weiss et al., 1992). While no
differences in DAT or VMAT expression were seen across the different PCB exposure
groups, this may have been due to differences in the PCB and the cocaine exposure
history, at the time tissue samples were collected from the animals in this study. In other
studies, perinatal PCB exposure has also been reported to inhibit the DAT and result in a
reduction of DAT expression, but often in a gender or species-specific manner
(DasBanerjee et al., 2008; Dervola et al., 2015; Richardson and Miller, 2004; Seegal,
1996; Seegal, 1994; Seegal et al., 1997; Seegal et al., 1994; Seegal et al., 1991; Seegal
et al., 1990; Seegal et al., 2010; Seegal et al., 2002; Wigestrand et al., 2013). It is
important to note that the expression of DAT and VMAT in this study, were assessed one
week after the final cocaine dose was administered, and well after PCB exposure had
ended. As such, it is unclear whether early developmental differences in DAT/VMAT
expression (i.e. closer to when PCB exposure ended and prior to administration of a
psychostimulant) had any influence on the propensity for PCB-exposed animals to
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exhibit earlier behavioral sensitization. What is clear is that repeated injections of cocaine
do not result in any long-term differences in DAT or VMAT expression in the mPFC or
striatum of rats that were exposed to PCBs during the perinatal period. One week after
the final dose of cocaine was administered; we found that DAT and VMAT expression in
both of these regions were similar across all same-sex PCB exposure groups.
Additional research that systematically evaluates the effects of age of the subject,
duration of PCB and cocaine exposure, and when samples were collected is needed to
better understand whether these factors contribute to differences in expression of these
transporters and how changes in expression might contribute to the onset of and
magnitude of cocaine behavioral sensitization.
Future research is also needed to evaluate other potential mechanisms. For
example, research has shown that perinatal PCB exposure alters dopamine metabolism by
increasing Catechol-O-methyltransferase (COMT) gene expression (DasBanerjee et al.,
2008; Sazonova et al., 2011). Likewise, research has also demonstrated an increase in
homovanillic acid (HVA) in rats and mice perinatally exposed to PCBs (Dervola et al.,
2015). COMT is one of the enzymes involved in the breakdown of DA into one of its
metabolite HVA. Increased dopamine metabolism associated with PCB exposure may
contribute to the differences observed in cocaine behavioral sensitization, perhaps due to
compensatory changes in dopamine synthesis, release, reuptake, storage, and/or receptor
activation (Jones and Miller, 2008).
Environmental Exposures Alter the Response to Psychostimulants
Numerous studies have examined the neurobiological and behavioral toxicity of PCBs,
but only a handful of these have examined how perinatal PCB exposure alters the
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pharmacological effects of response to psychostimulants later in life. Although small in
number, these studies have reliably shown (using several different paradigms) that
perinatal PCB exposure alters the neurobiological response to experimenter-administered
psychostimulants (Fielding et al., 2013; Poon et al., 2013; Sable et al., 2011). Of
particular significance is the fact that studies using other monoamine-disrupting
environmental contaminants have shown similar effects. For example, developmental
lead (Clifford et al., 2011; Miller et al., 2001; Nation et al., 2004; Rocha et al., 2008a;
Rocha et al., 2008b), cadmium(Nation and Miller, 1999), manganese (Guilarte et al.,
2008; McDougall et al., 2008; Reichel et al., 2006), and methylmercury (Eccles and
Annau, 1982; Rasmussen and Newland, 2001; Reed et al., 2008; Wagner et al., 2007)
exposure have all been shown to alter the behavioral pharmacology of psychostimulants.
The current study adds to this literature detailing how perinatal exposure to monoaminedisrupting contaminants can change the developing brain, thereby producing permanent
changes in the neurobehavioral response to psychostimulants later in life.
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Chapter 3: Acquisition Of Cocaine Self-Administration is Enhanced in Rats
Perinatally Exposed to PCBS
1. Introduction
Polychlorinated biphenyls (PCBs) are ubiquitous environmental toxins known to
adversely impact human health. Ortho-substituted PCBs in particular are known to affect
the nervous system and more specifically the brain dopaminergic system. Developmental
PCB exposure in rats has been shown to produce alterations in the dopamine system that
persists into adulthood. The reinforcing properties of psychostimulants are typically
modulated via the dopaminergic system, this study evaluated whether perinatal PCB
exposure would alter intravenous self-administration (IVSA) for the psychostimulant
cocaine.
We have previously demonstrated that rats perinatally exposed to PCBs exhibit
alterations in behavior following administration of cocaine and amphetamine. First, PCB
exposure has been shown to alter the discriminative stimulus effects of cocaine and
amphetamine. Adult rats perinatally exposed to PCBs were more sensitive to the
interoceptive cues of cocaine, but less sensitive to the interoceptive effects of
amphetamine as measured in a drug discrimination paradigm (Sable et al., 2011).
Additional research has also demonstrated differences in locomotor activation and
behavioral sensitization following 0.5 mg/kg IP amphetamine (Poon et al., 2013) and
10.0 mg/kg IP cocaine (Miller, submitted for publication ) in adult rats that were
perinatally exposed to PCBs. Compared to non-exposed controls, the rats perinatally
exposed to PCBs exhibited greater locomotor activation to the initial injection of
amphetamine, but overall amphetamine behavioral sensitization following repeated
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injections was attenuated compared to the non-exposed controls (Poon et al., 2013). With
cocaine, rats exposed to PCBs again exhibited greater locomotor activation to the initial
injection. Unlike the attenuation seen for amphetamine, behavioral sensitization for
cocaine occurred earlier in PCB-exposed animals, but the overall degree of locomotor
activity looked similar across exposure groups upon cocaine sensitization. Possible
explanations for the inconsistencies in these findings of behavioral sensitization and
locomotor activity between amphetamine (Poon et al., 2013) and cocaine may be due to
the dose of each psychostimulant that was evaluated in each study and their differences in
dopaminergic pharmacodynamics.
The differences in behavioral sensitization following repeated injections of cocaine or
amphetamine appear to be tied to differences in dopamine neurotransmission. Adult rats
perinatally exposed to PCBs were tested using in vivo fixed potential amperometry (FPA)
following a single injection of 20 mg/kg IP cocaine as well as repeated IP injections of 20
mg/kg cocaine. Compared to non-exposed controls, the PCB-exposed rats exhibited
enhanced stimulated peak dopamine release in the nucleus accumbens core following a
single injection of cocaine. However, while control animals exhibited a significant
increase in stimulated dopamine release following repeated cocaine injections (an effect
tied to dopamine sensitization), stimulated peak dopamine release in the PCB-exposed
rats was attenuated following repeated cocaine administration. These results looked very
similar to the behavioral sensitization results observed for amphetamine (Poon et al.,
2013) and provide additional evidence that the likely reason an attenuation of cocaine
behavioral sensitization was not observed by Miller et al. (submitted) was a function of
the lower cocaine dose that was used. Additional results suggested the attenuation in
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stimulated dopamine release may have been tied to depletion in presynaptic dopamine
stores (Fielding et al., 2013), and such results may also explain the attenuated
amphetamine behavioral sensitization in PCB-exposed rats in the aforementioned study
(Poon et al., 2013).
Overall, these studies indicate perinatal PCB exposure modifies dopamine synaptic
transmission in a manner that may alter the reinforcing properties of psychostimulants.
However, these studies demonstrate differences in the interoceptive and locomotoractivating effects of experimenter-administered cocaine and amphetamine in perinatally
PCB-exposed animals, and did not measure psychostimulant reinforcement per se. Thus,
this project looked at the effects of perinatal PCB exposure on adult cocaine intravenous
self-administration (IVSA) in order to determine if PCB-related dopamine dysfunction
led to a greater propensity to self-administer cocaine. More specifically, this research
investigated whether developmental PCB exposure affected both the acquisition and the
maintenance of typical IVSA behaviors. It also measured self-administration across a
range of cocaine doses to ascertain if the PCB exposure altered the typical cocaine doseresponse relationship. Finally, using a progressive ratio paradigm, the study investigated
whether the motivation to self-administer cocaine was affected by perinatal PCB
exposure. In all cases, it was predicted that perinatal PCB exposure would enhance
cocaine reinforcement, and thereby promote enhanced IVSA behaviors in adulthood.
Thus, it was hypothesized that PCB-exposed rats would a) reach the pre-set criterion
marking the acquisition of cocaine IVSA in fewer sessions, b) self-administer more
cocaine and press the lever more during maintenance (i.e., after acquisition) IVSA
sessions, c) show a greater sensitivity to cocaine (i.e., respond more at lower cocaine
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doses), and d) work harder to self-administer cocaine in comparison to non-exposed
control rats (i.e., show a higher progressive ratio breakpoint).
2. Methods
2.1. Subjects
All procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Memphis (see Appendix) and were in accordance with the
Public Health Service Policy on Humane Care and Use of Laboratory Animals (NIH,
2002) and the Guidelines for the Care and Use of Mammals in Neuroscience and
Behavioral Research (2003). Thirty-eight (11-14 dams/PCB-exposure group) nulliparous
female Long-Evans rats (Harlan Barrier 202A; Indianapolis, IN) were used. All rats were
maintained in a temperature- and humidity-controlled room (22° C, 40-55% humidity) on
a 12-hr light/dark cycle (lights on 0800) and were housed in a standard rat shoebox cage
containing Harlan Teklad Laboratory Grade Sani-Chip bedding. All rats were given water
ad libitum and fed a diet of Harlan Teklad 2020X. This standard feed is a high-protein,
low phytoestrogen diet which helped maintain overall rodent health and ensured that
pregnant females were able to support their litters.
2.1.1. Exposure and breeding
Upon arrival, each female was weighed and given an undosed vanilla wafer
cookie to acclimate it to eating this novel food item. The female rats were then divided
into one of the three PCB dose groups which were counterbalanced for body weight.
Dosing procedures were identical to those used by Sable et al. (2006, 2009, 2011). The
mixture consisted of: 35% Aroclor 1242 (Monsanto Lot KB 05–415); 35% Aroclor 1248
(AccuStandard Lot F-110); 15% Aroclor 1254 (Monsanto Lot KB 05–612); and 15%
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Aroclor 1260 AccuStandard Lot 021-020). The stock solution of the Fox River PCB
mixture (Kostyniak et al., 2005) was diluted with corn oil to make two dosing solutions
and a control: 0 µl/ml PCBs (corn oil only), 7.5 µl/ml PCBs, and 15.0 µl/ml PCBs. The
stock solution was pipetted onto a vanilla wafer cookie at a volume of 0.4 mL/kg to yield
final doses of 0, 3, and 6 mg/kg/day, thereby establishing the three dosing groups. The
females were exposed to PCB laced cookies prior to breeding and continued through
gestation and lactation until postnatal day 21 when weaning of offspring occurred. It is
known that the highest PCB dose (6 mg/kg/day) results in reductions in postnatal body
weight gain, and that these effects mirror the effects found for postnatal weight gain in
children perinatally exposed to PCBs (Govarts et al., 2012, Kostyniak et al., 2005). The
concentration of PCBs in the dosing solutions was verified via analytical methods prior to
dosing and stored in a refrigerator until used. Each female was weighed daily and this
weight was used to determine the amount of dosing solution applied to the cookie each
daily. After a PCB body-burden of each of respective dose had been established for 28
days in the females, they were paired with an unexposed Long-Evans male rat (Harlan
barrier 202A). Breeding pairs remained together for eight days, with the female being
removed for PCB dosing daily as previously described. Pregnancy was confirmed by an
increase in body weight and the breeding pair was separated. After breeding, the females
continued to be dosed throughout gestation (roughly twenty-one days) and lactation
(twenty-one days). Thus, the offspring of each dam were exposed to PCBs indirectly via
gestation and lactation.
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2.1.2. Weaning
At weaning, the dam and a male/female pair from each litter were sacrificed to
determine physiological and histological measures of toxicity. Physiological measures in
the dam included liver-weight and number of implantation sites. Physiological measures
in the pups were brain:body-weight, liver:body-weight and thymus:body-weight ratios.
Other general developmental outcomes included the percent of gestational and lactational
weight-gain and postnatal body weights of the pups on PND 0, 7, 14, and 21. These
outcomes were similar to those previously reported that used the same PCB mixture
(Kostyniak et al., 2005, Sable et al., 2009).
In each litter, one female and one male were tested for cocaine intravenous selfadministration (IVSA) as described below. If attrition occurred during the course of
testing, a same-sex sibling replaced any animals that were lost. For this reason, a second
male/female pair was retained at weaning but only underwent catheterization surgery
when such cases of attrition occurred. The weaned pups were moved to another room
(also temperature- and humidity-controlled: 22° C, 40-55% humidity) and paired or
triple-housed according to cohort, exposure group, and gender until PND 90. The
offspring were kept on a 14-hr light and 10-hr dark cycle (on at 0800, off at 2200).
2.2. Apparatus
Behavioral testing was conducted in 10 automated operant testing chambers (Med
Associates; St. Albans, VT). These chambers were both sound attenuated and well
ventilated with a fan. On one wall of the chamber, there was a food magazine tray
positioned in the middle with two retractable response levers symmetrically aligned on
each side of the tray. Each response lever had a cue light above it and was 7 cm from the
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floor and 5.7 cm from the midline of the wall. A house light was situated on the wall
opposite of the levers. A drug-infusion pump (SAI Infusion Technologies, CA) was used
for cocaine drug-delivery. All operant programs were controlled via a PC equipped with
Med–PC IV software (Med Associates) and all data generated were stored on the same
computer and backed up to a server in a remote location.
2.3. Surgery
Upon stepwise completion of the fixed-ratio training described below, the rats
underwent catheterization surgery at approximately PND 120-180. Intravenous silicone
catheters with adjustable suture beads (ReCath, Allison Park, PA) were implanted into
the right jugular vein of subjects while under isoflourane (2%) anesthesia. The rats had a
jacket with a port (SAI Infusion Technologies, CA) where the catheter exited dorsally
between the shoulder blades, allowing access to the vein for drug infusions. After
catheter implantation, heparin, at a dose of 100 mg/mL, was administered to each subject
through the port to maintain catheter patency. Likewise, Baytril, at a dose of 50 mg/mL,
was administered through the port to prevent infection. Lastly, rats were given an
additional subcutaneous injection of Rimadyl (an anti-inflammatory, 2.5 mg/kg) to
prevent inflammation. Each animal was given approximately three days for recovery and
then returned to behavioral testing. Furthermore, a daily regimen of the same doses of
Baytril and heparin, indicated above, were administered through the catheter port to
prevent infection and maintain catheter patency, respectively.
2.4. Drugs
Cocaine hydrochloride (Sigma, St. Louis, MO) was dissolved in 0.9%
pharmaceutical-grade saline. A concentration of 250 µg per infusion of cocaine was used
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for response acquisition, maintenance, and the progressive ratio IVSA sessions. The dose
response IVSA testing used concentrations of cocaine that were 31.25 µg, 62.5 µg, 125
µg, 250 µg, 375 µg, and a 500 µg. Each infusion delivered 50 µl of solution within 2.5
sec duration and was followed by a 17.5 sec time out period.
2.5. Procedure
A partial experimental timeline is presented in Fig. 1. When the rats reached 90 days
old, they were single housed and placed on an IACUC-approved food restriction schedule
at 85-90% of their free-feeding weight. The food restriction was used to ensure the
motivation to work for food reinforcer. This food restriction also helped maintain a
relatively consistent body weight of each animal and ensured a comfortable fit of the rat
IVSA jacket throughout the duration of the study. All offspring were weighed and fed at
approximately the same time each day, during the lights-on phase of the cycle. At around
100 days old, the rats began testing in the operant chambers. Operant testing occurred
seven days a week, one session per day in the order described below.
2.5.1. Autoshaping
During autoshaping, both levers were made available to the rat, and one of the cue lights
located directly above each lever was illuminated for 15 sec every 3 min. A press on
either lever while the lights were illuminated resulted in the delivery of a food reward. If
no lever presses occurred during the 15 sec duration of the presence of the cue light, a
free 45 mg reward pellet (Bio-Serve; Frenchtown, New Jersey) was dispensed into the
food magazine tray. This enticed the rat to explore the operant box and to press the
levers. The rats had a maximum of one hour to earn 100 pellets, including free pellets.
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Rats remained on autoshaping until 100 lever presses occurred in a session without free
pellets being dispensed.
2.5.2. Fixed-ratio training
Since both levers were made available simultaneously during autoshaping, a
preference for one lever may have occurred. To eliminate this type of preference, rats

Fig. 1. The stock solution of the Fox River PCB mix was dissolved in corn oil to yield 0,
7.5, and 15.0 mg/ml concentrations. Based on the body weight of the dam, one
concentration was pipetted onto half a vanilla wafer to yield a daily PCB dose of either 0
(corn oil only), 3, or 6 mg/kg body weight (n = 11-14 litters/exposure dose). Each dosed
cookie was orally consumed by the dam. At weaning, one male and female from each
litter were retained. At approximately 75 days of age, these offspring were food restricted
(85% of free-feeding weight) and trained to lever press for a food reinforcer using an
autoshaping program and fixed ratio schedule beginning around PND 90. At
approximately 120 days of age, jugular catheterization surgery occurred and around PND
180, IVSA sessions began during which the food reinforcer was replaced with an
intravenous infusion of 250 µg of cocaine. GD = gestational day, PND = postnatal day,
IVSA = intravenous self-administration
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underwent three days of fixed-ratio (FR) training. At the start of each FR session, the
right response lever was only presented and the right cue light illuminated. Each lever
press resulted in the delivery of a food pellet into the food magazine. After five food
rewards had been dispensed by pressing the right lever, this lever was retracted and the
cue light over it was extinguished. Next, the opposite lever and its cue light were
activated. After five food reinforcers were earned, this active lever was switched back to
the other lever. This process was repeated until 100 food rewards were earned or until
one hour had elapsed. FR training lasted for approximately three sessions with only one
session per day. Next, the rats continued onto the fixed-ratio 3 (FR3) schedule. FR3 was
similar to the FR training operant procedures just described; however, it consisted of
pressing whichever active lever was presented three times in order to obtain a food
reward. Once five reinforcers were earned, the active lever switched to the opposite side.
This process was repeated until 100 food rewards were earned or until one hour had
elapsed. FR3 took approximately five sessions with only one session per day. The next
schedule was fixed-ratio 5 (FR5). It consisted of pressing whichever active lever was
presented five times per food reward. Each FR5 session ended after 100 food rewards
were earned or after one hour had elapsed. The rats remained on the FR5 schedule until
surgery.
2.5.3. IVSA response acquisition
After three days of recovery from surgery, the animal resumed the previously
described FR5 schedule for 3-4 days to ensure full recuperation had taken place and that
the animal was adequately lever pressing. Once responding on FR5 had been reestablished, the food reinforcer was removed and the rat began IVSA response
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acquisition for cocaine reward. Only the right lever was considered the “active lever” for
cocaine IVSA, but both levers were presented and responses on both levers were
recorded. Any “inactive lever” pressing had no consequence to the rat. The response
requirement to earn a cocaine infusion was on the FR5 schedule on the active lever. Thus,
rats that pressed the right active lever five times received a 50 µl infusion containing 250
µg of cocaine in a 2.5 s time interval. A 17.5 s timeout occurred after each infusion
during which the levers were retracted and the house lights were extinguished for 15 s.
Sessions lasted two hr or until a maximum of 100 infusions were delivered. This
maximum of 100 infusions was implemented to ensure that rats did not overdose. Rats
met the criterion for acquisition when they demonstrated < 25% variability in the number
of infusions delivered across three consecutive days of testing.
2.5.4. IVSA maintenance
When the criterion for acquisition was met, each rodent then moved to
maintenance responding which was evaluated during another two weeks of testing. The
parameters for maintenance were exactly the same as those used in response acquisition
discussed above.
2.5.5. IVSA dose response
Following maintenance, a different dose regime of cocaine (31.25 µg, 62.5 µg,
125 µg, 250 µg, 375 µg, or 500 µg of cocaine) was randomly assigned across the next
six-days. Regardless of the concentration, each infusion delivered 50 µl of cocaine for 2.5
s. The IVSA testing parameters in the dose response regime were identical to those used
during acquisition and maintenance. The only difference was the concentration of
cocaine dosage used for that particular day.
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2.5.6. IVSA progressive ratio (PR)
After the dose-response paradigm, progressive ratio testing began and lasted for 4
sessions (1 session per day). During each PR session, the reinforcer delivered was a 50
µl infusion of 250 µg of cocaine for 2.5 s, again followed by a 17.5 s time-out period.
During each PR session, an increasing number of lever presses were required for each
successive drug infusion. Specifically, the number of responses needed to earn a drug
infusion was: 1, 2, 4, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268,
328, 402, 492, 603, 737, 901, 1102, 1347, 1647, and 2012 for each successive drug
infusion. The PR schedule increased at an exponential rate minus five and has been
reported to be appropriate for studies examining cocaine IVSA in rats (Richardson and
Roberts, 1996). Each PR session ended after four hours or if 20 min elapsed between
active lever presses.
2.6. Verification of catheter patency
All catheterized rats were checked for patency daily and again at necropsy. After
euthanasia an immediate incision was made to expose the catheter implantation site and
methylene blue dye was pushed through the port into the catheter line to visually confirm
vascular patency. If a rat’s catheter was determined not to be patent or patency was lost
during the course of the study, a same-sex littermate was tested in its place.
2.7. Design and data analysis
All statistical analyses were conducted using SPSS for MS Windows (version 21.0,
SPSS Inc.; Chicago, IL) with statistical significance set at p < 0.05. Each set of dependent
variables within each phase were analyzed using a 3 (exposure group) x 2 (sex) x session
mixed MANOVA with PCB exposure group as the between-subjects factor, and sex
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(nested within litter) as a repeated measures factor. In addition, session (for maintenance,
and progressive ratio) or dose (for dose-response) was also included as a repeatedmeasures factor where appropriate. If significant PCB exposure-related effects were
observed in the overall MANOVA for each IVSA phase, additional ANOVAs for each
dependent variable were obtained with corresponding Dunnett post hoc t-tests to
determine the nature of the significance of these effects. To reveal the true nature of
potential sex differences, if the main effect of sex or the exposure x sex interaction were
significant in the omnibus MANOVA, follow-up analyses were conducted separately for
each sex.
3. Results
In the case of any missing data, mean substitution was employed. To ensure that this
did not dramatically alter the experimental results, any dependent variable that required
mean substitution was analyzed both with the substituted mean and also by dropping the
entire litter (both male and female) from the analysis. No changes in the pattern of results
were observed, so instances of mean substitution were retained for the analyses reported
below.
3.1. Acquisition
A MANOVA was run on the dependent variables (sessions to criterion, active lever
presses, inactive lever presses, and infusions) measured during acquisition of cocaine
IVSA. The main effect of PCB dose [F(8,66) = 3.209, p = .004] and the main effect of
sex [F(4,32) = 13.526, p < .001] were significant by Pillai’s criterion, but the PCB dose
x sex interaction was not significant. Given the observed sex difference, additional one-
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way ANOVAs for each dependent variable were done to determine if PCB dose effects of
exposure were present when separated by sex. These results are presented below.
3.1.1. Sessions to criterion
As shown in Fig. 2, there was not a significant difference among the PCB
exposure groups in the number of sessions required to reach the criterion for completion
of IVSA acquisition for either the males [F(2,35) = .340, p = .714] or for the females
[F(2,35) = .087, p = .917].

Fig. 2. There were no PCB-related differences in the number of sessions required to
meet the criterion for completing cocaine IVSA acquisition in either the males or the
females. Error bars represent standard error of the mean.
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3.1.2. Number of active lever presses
As can be seen in Fig. 3, the number of active lever presses was higher in males
(but not females) that were exposed to PCBs. However, the main effect of PCB exposure
on the number of active lever presses in the males only approached significance [F(2,35)
= 2.969, p = .064]. There was no effect of PCB dose on the number of active lever
presses in the females [F(2,35) = .748, p = .481]. The males in the 3 mg/kg and 6 mg/kg
PCB groups pressed the active lever more than the non-exposed control males. However,

Fig. 3. Although males exposed to PCBs appeared to exhibit an increase in the number
of active lever presses during acquisition compared to males in the 0 mg/kg/day PCB
group, the effect of PCB exposure in the males was not statistically significant (p=.064).
No difference was found on the number of active lever presses that occurred during
acquisition in the female offspring. Error bars represent standard error of the mean.
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Dunnett t-tests revealed that the differences between the 0 mg/kg PCB control group and
the 3 mg/kg PCB group and 6 mg/kg PCB group were approaching statistical significance
(p = .093 and p = .054, respectively).

Fig. 4. A significant effect of PCB dose did not occur in either the males or females.
While it appeared that there was a significant increase in inactive lever presses in males
exposed to 6 mg/kg/day PCBs, this was driven primarily by a single male in the 6
mg/kg/day PCB group who made an extraordinarily high number of inactive lever presses
(see inset). Error bars represent standard error of the mean.
3.1.3. Number of inactive lever presses
While the data presented in Fig. 4 appear to indicate a more obvious difference
among the males on the number of inactive lever presses, there was not a significant
difference observed among PCB exposure groups in the males [F(2,35) = 2.246, p =
.121] . As can be seen in the inset of Fig. 4, the increase in inactive lever presses in the 6
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mg/kg males was driven predominantly by one animal and was not reflective of
performance in the entire group. No significant PCB dose effect on inactive lever presses
was found in the females either [F(2,35) = .709, p = .499] .

Fig. 5. A significant effect of PCB dose occurred in the males but not in the females.
Males perinatally exposed to 6 mg/kg/day PCBs received a greater number of infusions
than non-exposed (i.e., 0 mg/kg/day PCBs) males. *p=.015; Error bars represent standard
error of the mean.
3.1.4. Number of infusions
There was a main effect of PCB exposure on the number of infusions delivered
during acquisition in the males [F(2,35) = 4.095, p = .025] but not the females [F(2,35)
= .251, p = .799]. Post hoc Dunnett t-tests revealed that the 3 mg/kg PCB males did not
differ from the 0 mg/kg PCB group (p = .085). However, males in the 6 mg/kg PCB
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group had a significantly higher number of infusions than males in the 0 mg/kg PCB
group (p = .015). See Fig. 5.
3.2. Maintenance
A MANOVA was run on the dependent variables (active lever presses, inactive lever
presses, infusions, active lever response duration, inactive lever response duration, and
overall response rate) measured during the 14 days of cocaine IVSA maintenance
responding. While there was a main effect of sex [F(5,31) = 16.011, p < .001], the main
effect of PCB dose [F(10,64) = .612, p = .798] and the PCB dose x sex interaction
[F(10,64) = .444, p = .919] were not significant by Pillai’s criterion. As such, no
obvious PCB-related differences were observed across the maintenance sessions in the
males or females. As can be seen in Figs. 6 and 7, the number of active lever presses and
infusions (respectively) were higher in males than in females. However, within each sex,
these measures were similar among the three PCB exposure groups across all days of
testing. Given the lack of significant PCB effects in the omnibus MANOVA, no
additional follow-up analyses were conducted.
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Fig. 6. Males pressed the active lever more than females across all 14 maintenance
sessions. However, there were no obvious PCB-related differences in either the males or
females. Error bars represent standard error of the mean.
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Fig. 7. Males received more cocaine infusions (i.e., reinforcers) than females across all
14 maintenance sessions. However, there were no obvious PCB-related differences in
either the males or females. Error bars represent standard error of the mean.

3.3. Dose response
A MANOVA was run on the dependent variables (active lever presses, inactive lever
presses, infusions, active lever response duration, inactive lever response duration, and
session duration) measured across the six different cocaine doses examined. While there
was a main effect of sex [F(6,30) = 15.115, p < .001] and cocaine dose [F(28,8) =
68

692.074, p < .001], the main effect of PCB dose [F(12,62) = .812, p = .637] as well as
the PCB dose x sex [F(12,62) = 1.420, p = .216], PCB dose x cocaine [F(56,18) = 1.162,
p = .375], and PCB dose x sex x cocaine [F(56,18) = .716, p = .830] interactions were all
not significant by Pillai’s criterion. As such, no obvious PCB-related differences

Fig. 8. Males had a higher number of active lever presses than females and the overall
number of active lever presses decreased with increasing cocaine dose. However, there
were no PCB-related differences in either the males or females across any of the cocaine
doses examined. Error bars represent standard error of the mean.
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Fig. 9. Males had a higher number of infusions (i.e., reinforcers) than females and the
overall number of infusions decreased with increasing cocaine dose. However, there were
no PCB-related differences in either the males or females across any of the cocaine doses
examined. Error bars represent standard error of the mean.
were observed across the dose response sessions in the males or females among the
dependent variables analyzed. For example, the number of active lever presses and
infusions are presented in Figs. 8 and 9, respectively. Active lever presses and
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infusions were higher in males than in females. These measures decreased in both sexes
with increasing cocaine dose. Within each sex, these measures were similar among the
three PCB exposure groups across all cocaine doses. Given the lack of significant PCBrelated effects in the omnibus MANOVA, no additional follow- up analyses were
conducted.
3.4. Progressive ratio
A MANOVA was run on the dependent variables (breakpoint, active lever
presses, inactive lever presses, infusions, active lever response duration, inactive lever
response duration, and session duration) measured across the three days of progressive
ratio testing. While there was a main effect of sex [F(7,29) = 2.965, p = .018] and day of
testing [F(14,22) = 3.783, p = .003], the main effect of PCB dose [F(14,60) = .645, p =
.816] as well as the PCB dose x sex [F(14,60) = 1.058, p = .198], PCB dose x day
[F(28,46) = 1.023, p = .463], and PCB dose x sex x day [F(28,46) = .667, p = .872]
interactions were not significant by Pillai’s criterion. As such, no obvious PCB-related
differences were observed across the three progressive ratio sessions in the males or
females among the dependent variables analyzed. The breakpoint, number of active lever
presses, and infusions are presented in Figs. 10, 11, and 12, respectively. The breakpoint
and active lever presses were higher in females than in males, while the reverse was true
for infusions. These measures changed across testing day with the three measures being
slightly higher on day 2 compared to the other two days. Within each sex, the breakpoint
and number of infusions delivered were similar among the three PCB exposure groups
across all three sessions. The number of active lever presses appears to be slightly higher
in the 6 mg/kg/day PCB-exposed females, but the PCB dose x sex interaction from the
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omnibus MANOVA was not significant so this effect as well as the remaining PCBrelated effects were not evaluated further.

Fig. 10. Females had a higher breakpoint than males, and the breakpoint was higher on
day 2 compared to the other days of testing. However, there were no PCB-related
differences in either the males or females across the three PR sessions. Error bars
represent standard error of the mean.
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Fig. 11. Females had a higher number of active lever presses than males, and the number
of active lever presses was higher on day 2 compared to the other days of testing.
However, there were no PCB-related differences in either the males or females across the
three PR sessions. Error bars represent standard error of the mean.
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Fig. 12. Males had a higher number of reinforcers earned than females, and the number
of infusions earned was higher day 2 compared to the other days of testing. However,
there were no PCB-related differences in either the males or females across the three PR
sessions. Error bars represent standard error of the mean.
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4. Discussion
4.1. Summary of results
Ortho PCBs are known to affect the dopaminergic system (see Faroon et al.,
2000) and this effect has previously been reported to be sex-specific (Lilienthal et al.,
2013). The significant findings in the males (but not females) on active lever presses and
cocaine infusions during the acquisition phase of the IVSA paradigm suggests dopamine
dysfunction occurred primarily within the PCB-exposed males. Interestingly, the
differences seen during acquisition did not carry over into the maintenance phase of
IVSA. Rather, with more chronic cocaine exposure, the PCB-exposed and non-exposed
animals demonstrated similar behaviors during the maintenance phase. Likewise, no
PCB-related effects were observed during the dose response or progressive ratio phases
of the IVSA paradigm. One possible explanation for the lack of effect during later IVSA
testing phases (i.e., maintenance, dose response, and progressive ratio) could be due to a
“ceiling effect” tied to depletion of presynaptic dopamine stores in all animals selfadministering cocaine. As previously discussed, adult rats perinatally exposed to PCBs
showed enhanced stimulated peak dopamine release in the nucleus accumbens core
following a single injection of cocaine, but that response was attenuated following
repeated cocaine administration when tested using in vivo fixed potential amperometry
(FPA) (Fielding et al., 2013). Also, chronic exposure to cocaine has been demonstrated
to reduce dopamine release in the nucleus accumbens of rats with no history of PCB
exposure (Weiss et al., 1992). Therefore, prolonged cocaine exposure could be difficult
to evaluate in all animals (whether controls or exposed to PCBs) since a reduction in
dopamine neurotransmission might be exhibited in extended cocaine IVSA, making it
difficult to tease out PCB-associated effects.
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As previously mentioned, differences in cocaine and amphetamine behavioral
sensitization (Miller et al., submitted; Poon et al., 2013) and drug discrimination (Sable et
al., 2011) have been found in adult rats perinatally exposed to PCBs in comparison to
controls. However, these paradigms examined the effects of experimenter-administered
psychostimulants. This is the first study to demonstrate that rats perinatally exposed to
PCBs exhibit differences in the propensity to self-administer cocaine which occurred
during the acquisition phase. Notably, other monoamine-disrupting environmental
contaminants such as lead (Nation et al., 2003, Nation et al., 2004, Rocha et al., 2008a,
Rocha et al., 2005, Rocha et al., 2008b, Valles et al., 2005) and cadmium (Cardon et al.,
2004) have also been shown to alter psychostimulant self-administration. In sum, the
previous research suggests that perinatal PCB exposure alters the locomotor-activating
and interoceptive cues of the reinforcing properties of psychostimulants but is
experimenter-administered. Therefore, with these findings perinatal PCB exposure can
lead to a propensity toward addiction later in life. .
4.2. PCBs and endocrine disruption
Only the males showed a difference among the PCB groups on the number of cocaine
infusions during the acquisition phase. This sex effect was also observed by Poon et al.
(2013) who observed a difference in amphetamine behavioral sensitization only in PCBexposed males. Cocaine behavioral sensitization (Miller et al., submitted) and stimulated
dopamine release (Fielding et al., 2013) following cocaine administration were affected
in both PCB-exposed males and females. PCBs are an endocrine disrupting compound,
which means they can alter normal endocrine functions including the normal function of
thyroid and steroid hormones. Thyroid and steroid hormones are involved in the
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developmental organization of the nervous system and sexual differentiation in mammals
(McCarthy et al., 2009); therefore, endocrine disruption can have long-term
consequences for the developing nervous system, especially during critical windows of
development. In this study, males were more affected then females by perinatal PCB
exposure. Different PCB congeners and mixtures have been reported to have differential
effects on the dopaminergic system and can act with disparity between sexes (Lilienthal
et al., 2013). Male offspring seem to be particularly sensitive to perinatal orthosubstituted PCB exposure such as the ones highly prevalent in the mixture used in the
current study (Cocchi et al., 2009, Kostyniak et al., 2005). The exact mechanism is not
clear, but PCBs have been shown to lower aromatase activity (Hany et al., 1999, Kaya et
al., 2002). Aromatase is the estrogen-synthesizing hormone and plays an important role
in sexual differentiation of the brain (Dickerson and Gore, 2007, Lauber et al., 1997a, b,
Roselli, 2007) Aromatase is more prevalent in the male brain because it converts
testosterone to estradiol and plays a very important role in sexual differentiation of the
male brain (Dickerson and Gore, 2007, Lauber et al., 1997a, b, Roselli, 2007). Thus,
lowering activity of aromatase/testosterone activity in the female brain may be protective
while higher peaks of aromatase/testosterone activity during the perinatal period in the
male brain may provide a mechanism for PCB-induced sex differences. Therefore,
alterations in aromatase could result in the PCB-induced sex differences that were
observed in the current study since significant findings were found during acquisition in
the 6 mg/kg males in comparison to non-exposed control males. This theory is intriguing
because an alteration in aromatase activity during early development has been shown to
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affect dopamine concentrations in the prefrontal cortex (Lauber et al., 1997a, b, Stewart
and Rajabi, 1994).
4.3. Conclusions
Significant effects were observed in PCB exposed males who exhibited an altered
propensity to self-administer cocaine during the acquisition phase of IVSA. However,
PCB-exposed and non-exposed rats did not exhibit differences after reaching the criterion
for IVSA acquisition. Specifically, no PCB-related effects were seen during the
maintenance phase of IVSA testing, on the dose response curve for cocaine IVSA, or on
a PR cocaine IVSA task. It is important to consider that by the time rats were tested on
does response and PR all exposure groups had a substantial history of cocaine selfadministration. As such, it may have been more difficult to ascertain PCB-related effects
on these two paradigms. Moving forward, it will be important to understand the
mechanisms responsible for the PCB exposure group differences that were present at
acquisition, and it may be worthwhile to look for PCB-related differences in dose
response and PR of rats that do not have a history of cocaine IVSA. These results provide
important information about the impact of environmental toxins, such as PCBs, effect on
development which can persist into adulthood leading to a propensity toward drug
addiction.
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Chapter 4: The Dopamine and Vesicular Monoamine Transporters: A Common
Target for PCBS and Psychostimulants
Introduction
Research suggests that some of the neurological and behavioral effects observed
in laboratory animals exposed to PCBs involve changes in the biogenic amines,
particularly the dopaminergic system 1 . PCBs affect dopamine regulation on several
levels, including dopamine synthesis, dopamine reuptake and storage, and dopamine
release

2-8

. Previous research has established that perinatal PCB exposure reduces the

concentration of dopamine in specific brain regions such as the striatum 9 , and frontal
cortex 5 in laboratory animals. Adult exposure to commercial Aroclor mixtures consisting
of mostly non-coplanar PCB congeners has been shown to decrease dopamine
concentrations in the striatum of rats 7 , mice

10

, and non-human primates

6,9,11,12

effects have also been established in these brain regions with in vitro studies

. Similar

13,14

.

PCBs and Dopamine Dysfunction
Evidence suggests that PCBs are altering the re-uptake of dopamine by inhibiting
the dopamine transporter (DAT)

6,7,9-12,15-17

. PCB congeners 48, 95, 101, and 110 which

constitute 5-20% of the commercial mixtures of Aroclors 1242, 1254, and 1260 18 are all
potent DAT inhibitors by decreasing DAT. It is important to realize that of the studies
above that have indicated PCBs inhibit the DAT, all examined the impact of PCB
exposure during adulthood

6,7,9-12,15-17

. Also, recent evidence using rat striatal

synaptosomes and a cocaine analog [3𝐻]WIN-35,428 binding assay suggests that certain
ortho PCBs can inhibit the DAT with the same dose-dependent binding, affinity as
cocaine

16

. Thus, most of the research has been in adult animals or in vitro studies, as
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such, the impact of PCB exposure during the perinatal period on DAT expression are not
well understood.
PCB-induced DAT inhibition is believed to contribute to the reduction of
dopamine that has been observed in the extra-neuronal space in the striatum of adult rats
7

. Specifically, the dopamine reduction is thought to be a consequence of end-product

inhibition. PCBs inhibit the DAT which is important for dopamine reuptake from the
presynaptic terminal

10

. This DAT inhibition causes an initial increase in dopamine in the

extra-neuronal space which activates dopamine autoreceptors (DAR). When there is too
much dopamine in the synapse, the DARs are activated, and provide feedback to limit the
amount of dopamine being released from the presynaptic terminal. Interestingly, in utero
and lactational exposure to PCBs has been shown to increase dopamine DAR sensitivity
19

which likely exacerbates the rate of dopamine depletion and therefore eventual

reduction in dopamine release. PCBs also affect dopamine neurotransmission by
inhibiting the vesicular monoamine transporter (VMAT)

3,10

which is important for

packaging and storing free terminal dopamine into synaptic vesicles for future release.
Limiting the amount of dopamine packaged and stored is also believed to contribute to
less dopamine being released from the axon terminal into the synapse

1,20

.

Finding a Mechanism for PCB-induced Changes in the Psychostimulant Response
Research has now shown that perinatal PCB exposure alters the response to
psychostimulants later in life. These studies examined drug discrimination for cocaine
and amphetamine

21

, behavioral sensitization for amphetamine22 and cocaine23 (see

chapter 2), and cocaine intravenous self-administration24 (see chapter 3) in adult animals
exposed to PCBs throughout gestation and lactation. As indicated previously, it has been
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shown that DAT and VMAT levels are reduced following adult PCB exposure

10,25

;

however, there are few data on the effects of perinatal PCB exposure on DAT and VMAT
expression. Thus, changes in DAT and VMAT expression caused by perinatal PCB
exposure seem like a plausible mechanism responsible for altering the pharmacological
profile (and subsequent behavioral results mentioned above) of psychostimulant
administration later in life.
The DAT and VMAT are both directly involved in mediating the reinforcing
properties of psychostimulants

26-31

. In normal animals, cocaine binds to the DAT and

prevents reuptake of synaptic dopamine thereby promoting reinforcement. With more
long-term exposure to cocaine as what occurs during IVSA of cocaine, DATs can be
recruited to the cell-surface in an attempt to restore synaptic dopamine levels to baseline
(i.e., pre- cocaine) conditions

32,33

. Furthermore, redistribution of synaptosomal (i.e.,

membrane-associated) VMAT vesicles to the cytoplasm has also been shown to occur in
vitro after cocaine administration

31

and this could be in an attempt to return to pre-drug

neurotransmitter levels. Synaptosomal vesicles transport substantially more
neurotransmitter than vesicles located in the cytoplasm

34

. As such, this redistribution

away from the synaptosomal membrane decreases overall monoamine transport,
ultimately resulting in decreased neurotransmitter release

35

. Conversely, no change in

VMAT expression has been reported in rat striatum with chronic exposure to cocaine

33

.

Consequently, these events (as described above) that occur with repeated
psychostimulant administration could help explain the lack of DAT and VMAT
expression differences after cocaine sensitization between the PCB exposure groups (see
chapter 2). Likewise, these events could also be an explanation for the similar behavioral
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results observed between the PCB exposure groups after acquisition during the
subsequent phases of cocaine IVSA (see chapter 3). Accordingly, perinatal PCB-exposed
animals appear to be pre-sensitized to cocaine with initial administration; however, upon
repeated administration all animals appear to be similar in behavioral response to cocaine
(see chapter 2 and 3) and subsequently in their DAT and VMAT expression following the
repeated administration of cocaine (see chapter 2).
Hypothesis and Rationale
Overall, previous results suggest that the convergent sites of action for both PCBs
and psychostimulants are the DAT and VMAT. Both of these transporters have been
argued to be inhibited by PCBs
amphetamine and cocaine

3,6,7,9-12,15-17

and also are a known site of action for

31,36-41

. We did not find differences in DAT and VMAT

expression in adult rats perinatally exposed to PCBs after cocaine behavioral
sensitization testing had ended

23

. However, because samples were collected one week

after the conclusion of cocaine behavioral sensitization testing and well after PCB
exposure had ended, it is unclear whether differences in DAT and/or VMAT expression
preceding psychostimulant administration may have contributed to the behavioral
differences observed between control and PCB-exposed rats. The samples evaluated here
were collected at weaning immediately after PCB exposure had ended and prior to the
administration of any psychostimulant. It was predicted that DAT and VMAT expression
would be altered in the medial prefrontal cortex (mPFC) and striatum of the weanlings
(PND 21) perinatally exposed to PCBs in comparison to non-exposed controls. The
mPFC and striatum were chosen for evaluation given their large dopaminergic
innervation as well as their known role in psychostimulant pharmacology

84

42-48

.

Methods
Subjects
All procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Memphis (see protocol in Appendix) and were
in accordance with the Public Health Service Policy on Humane Care and Use of
Laboratory Animals 49 and the Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research

50

. The tissue samples used for this experiment

were obtained from male/female littermates that were siblings of the animals tested for
cocaine behavioral sensitization (Chapter 2) or cocaine IVSA (chapter 3). The timeline
of PCB exposure, breeding, and weaning is presented in Figure 1.
PCB Exposure. Upon arrival, each female was weighed and given an undosed vanilla
wafer cookie to acclimate it to eating this novel food item. The female rats were divided
into one of the three PCB dose groups which were counterbalanced for body weight.
Dosing procedures were identical to those used by Sable et al. (2011) and Poon et al.
(2013). The PCB mixture consisted of: 35% Aroclor 1242 (Monsanto Lot KB 05–415);
35% Aroclor 1248 (AccuStandard Lot F-110); 15% Aroclor 1254 (Monsanto Lot KB 05–
612); and 15% Aroclor 1260 AccuStandard Lot 021-020). The stock solution of the Fox
River PCB mixture

51

was diluted with corn oil to make three dosing solutions: 0 µl/ml

PCBs (corn oil only), 7.5 µl/ml PCBs, and 15.0 µl/ml PCBs which were confirmed using
analytical methods (GC-MS). The stock solution final doses of 0, 3, and 6 mg/kg/day,
thereby establishing the three dosing groups and was pipetted onto a vanilla wafer cookie
at a volume of 0.4 mL/kg to yield. Consumption of the cookie was visually confirmed
each day. It is known that the highest PCB dose (6 mg/kg/day) results in reduction in
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Figure 1. The stock solution of the Fox River PCB mix was dissolved in corn oil
to yield 0, 7.5, and 15.0 mg/ml concentrations. Based on the body weight of the
dam, one concentration was pipetted onto half a vanilla wafer to yield a daily
PCB dose of either 0 (corn oil only), 3, or 6 mg/kg body weight. Each dosed
cookie was orally consumed by the dam. At weaning, the brain from one male and
female per litter (when available) were removed and the striatum and medial
prefrontal cortex (mPFC) were sectioned out and frozen for later analysis of
dopamine transporter (DAT) and vesicular monoamine transporter (VMAT)
expression in each region. GD = gestational day; PND = postnatal day
postnatal body weight gain, and that these effects mirror those found in postnatal weight
gain in children perinatally exposed to PCBs 51,52 .
Breeding. After a PCB body-burden of each respective PCB dosage had been established
for 28 days in the females, they were paired with an unexposed Long-Evans male rat
(Harlan barrier 202A). Breeding pairs remained together for eight days, with the female
being removed for PCB dosing daily as previously described. Pregnancy was confirmed
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by increase in body weight and the breeding pair was separated. The pregnant females
continued to be dosed throughout gestation (roughly twenty-one days) and lactation
(twenty-one days).
Weaning. At weaning, one male/female pair from each litter was sacrificed to
determine physiological and histological measures of toxicity. When available a second
male/female pair was euthanized by overexposure to CO 2 and the brain quickly dissected
and removed. The whole brain was kept over ice as the striatum and medial prefrontal
cortex were dissected out and rapidly frozen in liquid nitrogen. Samples were then stored
at -80°C until processed. Stored samples were analyzed using Western blot for the DAT
and the VMAT protein expression.
Western Blot Procedure
Quantification of the DAT and VMAT in the striatum and mPFC of weanlings was
conducted in a random subset of littermate pairs from each PCB exposure group animals
(n = 5-6 litters/exposure group). The previously stored tissue samples were thawed on ice
and processed using a high-speed tissue grinder in T-PER Reagent (Thermo Scientific,
Rockford, IL) + Protease Inhibitor (PI) (Roche, Nutley, NJ) according to sample weight
using a weight:volume ratio of 1/30. Protein amount per sample was determined by
Coomassie Plus (Thermo Scientific, Rockford, IL) Bradford analysis. A determined
protein concentration was matched to an equal volume of 2X Laemmli buffer (Sigma) and
heated to ~95ºC for 5 min. The determined protein concentration of 20 μg was loaded
onto a Pierce® precise protein 10% acrylamide gel (Thermo Scientific, Rockford, IL)
using a Novex mini tank (Invitrogen, Carlsbad, CA) filled with 1X Tris/Hepes/SDS
running buffer (Fisher, Rockford, IL). Electrophoresis was run at 100 volts for
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approximately 65 min. The proteins were then transferred with Pierce® semi-dry transfer
buffer using an Owl HEP-3 semi-dry electroblotter (Thermo Scientific, Rockford, IL) onto
Whatman® nitrocellulose membrane. Transfer was set at 25 volts for 20 min. The blots
were incubated for 1 hr at room temperature in a blocking buffer solution containing 5%
bovine serum albumin (Thermo Scientific, Rockford, IL) dissolved in phosphate buffered
saline with .1% tween (PBSt). All Antibodies were diluted into a PBSt solution
containing 5% bovine serum albumin.

Primary antibodies included primary anti-DAT

(1:1000, Chemicon, Temecula, CA); primary anti-VMAT-2 (1:1000, Thermo Scientific,
Rockford, IL); or primary anti-Actin (1:1000, Abcam, Cambridge, MA) and incubated
overnight at 4ºC. After washing in PBSt, affinity purified HRP-conjugated secondary
antibodies were added to membranes and incubated for one hr at room temperature with
secondary anti-DAT (1:3500, Chemicon, Temecula, CA); secondary anti-VMAT-2
(1:6500, Thermo Scientific, Rockford, IL) or secondary anti-Actin (1:5000, Chemicon,
Temecula, CA). After completion of the secondary antibody incubation, the blot was
rinsed in PBSt and exposed with SuperSignal® West Femto Maximum Sensitivity
Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL) for five min. The
signal solution was prepared by mixing the two substrate components to a 1:1 ratio. The
image was captured on film and then digitally captured using a high speed digital camera
and analyzed using ImageJ software (NIH). A total of two blots were run, each blot
consisted of 1-3 lanes per sample from each weanling’s particular brain region. Each lane
was normalized against β-actin protein for that particular lane. Thus, a total of five to six
lanes per sample were averaged together after each lane was normalized against its β-actin
protein for a final specific protein ratio.
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Data Analysis
All statistical analyses were conducted using SPSS for MS Windows (version
23.0, SPSS Inc.; Chicago, IL) with statistical significance set at p < 0.05 and as described
below. When significant PCB exposure-related effects were observed in the ANOVA,
then additional analyses were conducted using Dunnett post hoc t-tests to determine the
nature of each significant effect. To reveal the true nature of potential sex differences, if
the main effect of sex or the exposure x sex interaction was significant in the omnibus
ANOVA, follow-up analyses were conducted separately for each sex.
mPFC. The ratio of each protein (DAT:actin and VMAT:actin) was normalized to βactin for each lane. Each animal had 2-3 lanes/blot in a total of two blots. These ratios
were averaged together and were analyzed via a 3 (PCB exposure) x 2 (sex) mixed
ANOVA with PCB exposure group as the between-subjects factor, and sex (nested within
litter) as the repeated-measures factor.
Striatum. The ratio of each protein (DAT:actin and VMAT:actin) was normalized to
β-actin for each lane. Each animal had 2-3 lanes/blot in a total of two blots. These ratios
were averaged together and each protein was analyzed separately using a one-way
ANOVA to look for differences among the PCB exposure groups. For DAT:actin a
separate ANOVA was done for each sex because adequate littermate pairs were not
available for the striatal samples. For VMAT:actin only male samples were analyzed via
ANOVA.
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Results
mPFC
DAT. A significant main effect of PCB exposure was found [F(2, 19) = 7.815, p
= .003] on the ratio of DAT/ β-actin in the mPFC. Post hoc analysis revealed a significant
difference between the 3 and 6 mg/kg/day PCB-groups versus the 0 mg/kg/day (control)
group (p = .006 and p = .004 respectively). The main effect of sex and the PCB-exposure
x sex interaction was not significant (see Figure 2A).
VMAT. No significant main effect of PCB exposure was found [F(2, 22) =
2.321, p = .122] on the ratio of VMAT/ β-actin in the mPFC. However, a significant
PCB exposure x sex interaction was found [F(2, 22) = 4.573, p = .022]. Post hoc analysis
revealed a significance difference between the 0 mg/kg/day (control) and 6 mg/kg/day
males (p = .041). A similar trend was observed between the 0 mg/kg/day (control)
females versus both the 3 and 6 mg/kg/day PCB females (p = .075 and p = .072
respectively, see Figure 2B).
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Figure 2. A. The 0 mg/kg/day (control) group had a significantly higher ratio of DAT/βactin then 3 and 6 mg/kg/day PCB exposure groups, **p < .01 versus controls (no sex
effect).
B. The 0 mg/kg/day (control) males had a significantly lower ratio of VMAT/β-actin then
the 6 mg/kg/day PCB –exposed males. A similar trend was observed but with a higher
ratio of VMAT/β-actin between the 0 mg/kg/day (control) females versus 3 and 6
mg/kg/day PCB –exposed females, *p < .05 and p < .08 versus same-sex control.
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Striatum
DAT. Some litters did not have corresponding same-sex littermates so the data
was analyzed separately for each sex. A significant effect of PCB exposure was found for
the males
[F(2, 10) = 7.442, p = .010], but not females. Post hoc analysis showed a significant
difference between the 0 mg/kg/day (control) males versus the 6 mg/kg/day males. (see
Figure 3A).
VMAT. Only samples from PCB exposed males were processed. A significant
difference was found [F(2, 9) = 19.724, p = .001]. Post hoc analysis showed a significant
difference between the 0 mg/kg/day (control) males versus the 6 mg/kg/day males. (see
Figure 3B).
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Figure 3. A. The 0 mg/kg/day (control) males had a significantly lower ratio of DAT/βactin then 6 mg/kg/day PCB exposure, *p < .05. B. The 0 mg/kg/day (control) males had
a significantly lower ratio of VMAT/β-actin then 6 mg/kg/day PCB exposure, *p < .01.
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Discussion
Summary of Findings
The present research demonstrated that there are significant differences in DAT
and VMAT transporter expression in mPFC and striatum in perinatally PCB-exposed
weanlings at PND 21. Within the mPFC, DAT expression was clearly reduced in both
sexes and in both PCB exposure groups. The impact of PCB exposure on VMAT, in the
mPFC, was dependent upon sex. Specifically, VMAT expression was higher in the 6
mg/kg/day PCB males in comparison to control males, while both female PCB-exposed
groups demonstrated a trend toward lower expression when compared to control females.
The effects of perinatal PCB exposure on DAT and VMAT expression within the
striatum must be made with caution based on the limited sample size and lack of a female
comparison group for VMAT. Current results suggest an increase in the expression of
striatal DAT and striatal VMAT in the 6 mg/kg/day PCB males. Unfortunately, there is
not enough data to draw any conclusions about the effects of perinatal PCB exposure on
female weanlings’ striatal DAT and VMAT expression, or to determine if PCB-related
differences of these transporters in the striatum exist in the females.
DAT and VMAT are Significantly Altered in Perinatally PCB Exposed Weanlings
PCBs are known to affect dopaminergic signaling in the brain. Previous research
has shown that adult exposure to PCBs decreased DAT and VMAT expression in
striatum

10,25,53

, while DAT expression in the mPFC was relatively unchanged

25

. This is

the first research to demonstrate the effects of gestational and lactational exposure to an
environmentally relevant mixture of PCBs on DAT and VMAT expression in the mPFC
and striatum. Unlike the previous research mentioned above, our data suggest a PCB-
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induced increase in striatal DAT as well as a previously unreported increase in striatal
VMAT in perinatally-exposed males. Likewise, we observed a large effect of perinatal
PCB exposure on DAT expression in both males and females in the mPFC which was
contrary to what has been reported following adult PCB exposure

25

. This study used a

relevant PCB mixture throughout gestation and lactation to mimic an exposure that would
be similar to what is found in humans. The data here indicate profound effects of
perinatal PCB exposure within the mPFC, especially on DAT expression, and with a sexspecific but more subtle impact on VMAT expression. More data will be needed to
accurately evaluate the effects of perinatal PCB exposure on DAT and VMAT expression
in the striatum. At present, it appears that the timing of exposure and the type of PCB
exposure may influence whether expression is increased (as we see here with perinatal
exposure) or decreased (as has been reported following adult PCB exposure) in the
striatum. Also, more data are needed to determine if the effects observed after perinatal
exposure are sex-specific in the striatum.
Altered DAT and VMAT Expression Alter Psychostimulant Pharmacology
It is not entirely clear how the differences in DAT and VMAT expression we
observed at weaning impact overall dopamine pharmacology especially later in life. At
this time, we also cannot provide a definitive answer that the differences observed at
weaning are responsible for the differences in psychostimulant drug discrimination21 ,
behavioral sensitization

22,23

and self-administration24 (see chapter 3). However, it is

known that alterations in DAT expression have a profound impact on dopamine
pharmacology and associated psychostimulant reinforcement. For example, DAT
knockdown mice (reduced DAT expression) had enhanced locomotor stimulatory effects
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from cocaine but diminished locomotor stimulatory effects from amphetamine

54

.

Likewise, there is research showing that heterozygous VMAT knockout mice (half the
VMAT2 expression as wildtype) had enhanced locomotion but displayed diminished
behavioral reward from amphetamine

54

. Such results suggest that these transporters play

a very important role in the reinforcing properties of psychostimulants and any deviation
from the typical developmental trajectory can produce long-term effects.
Other mechanisms
It is important to consider other possible mechanisms that might be wholly or
partially responsible for the behavioral differences we have reported in PCB-exposed
animals that were administered psychostimulants. PCBs adversely influence the activities
of neuronal cells and can decrease neuronal numbers through a variety of mechanisms.
For example, perinatal PCB exposure to the commercial mixture Aroclor 1254 resulted in
decreased dendritic growth in hippocampal pyramidal neurons and cerebellar Purkinje
cells in rat weanlings

55

. Both of these types of neurons have connectivity to striatum and

prefrontal cortex, respectively, and modulate dopaminergic neurons in these brain
regions56,57 . Furthermore, this dopaminergic connectivity and modulation can be
especially sensitive to perturbation such as PCB exposure during development15,58-61 .
This is an interesting possibility considering our findings on the effects of perinatal PCB
exposure on DAT within the mPFC, and with the recent genetic evidence that the PFC
appears to be a more selective target of perinatal aroclor 1254 exposure62 .
We observed differences we observed in DAT and VMAT expression in
perinatally PCB-exposed animals. PCB exposure has also been shown to impair the
function of the DAT and VMAT

8,10,25,63,64

and potentially in an additive manner with
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multiple PCB exposures

65

. It has been demonstrated in Parkinson’s disease that

alterations in DAT and VMAT function cause an increase in cytosolic dopamine leading
to an overabundance that is broken down by monoamine oxidase (MAO) which can
cause a toxic metabolite often resulting in injury and cell death

66,67

As such, PCB

exposure might result in a reduction in dopaminergic neuronal number via the same
mechanism. Similarly, Lee and Opanshuk’s (2004) in vivo research demonstrated PCB
exposure caused lipid peroxidation and increased oxidative stress in dopamine-rich cells
68

. This led to degeneration of dopaminergic neurons resulting in dopamine

dysregulation

68,69

. Interestingly, Sazonova et al. (2011) found oxidative stress to be one

of the major contributors to ADHD-like behaviors displayed in rats perinatally exposed to
PCBs. Inhibitory control deficits are a core symptom of ADHD
play a role in addictive behaviors
to impulsivity

75,76

72-74

70-72

and are known to

. Likewise, perinatal PCB exposure has been linked

an altered behavioral and pharmacological response to

psychostimulant drugs

19,21-24

.

Dervola et al. (2015) demonstrated that perinatal PCB-exposed males had a
reduction in postsynaptic marker protein (PSD95). PSD95 is present in dopaminergic
synapses where it influences synaptic plasticity and dopamine neurotransmitter receptor
regulation

77,78

. Thus, PCB-induced alterations in PSD95 could certainly affect dopamine

and its transporters, thereby resulting in a differential response to psychostimulant drugs
following perinatal PCB exposure.
Another possible mechanism behind the alterations found in the current study
could involve catechol-O- methyltransferase (COMT), one of the primary enzymes
involved in the breakdown of dopamine into its metabolite homovanillic acid
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(HVA). More specifically, research has indicated that perinatal PCB exposure increases
COMT gene expression

62

and Dervola et al. (2015) reported a 2-4 fold increase in HVA

in rats perinatally exposed to PCB 153. A similar effect demonstrating increased
dopamine turnover was observed 7 and 14 days after acute exposure to PCB 153 in adult
mice

10

. Therefore, a potential relationship between perinatal PCB exposure and COMT

expression, and associated dopamine metabolism could be factors that affect the response
to psychostimulant drugs in PCB-exposed animals as well.
Future research
While much is known about how PCB exposure affects dopamine pharmacology,
most of this knowledge was obtained following adult PCB exposure. As such, there is an
immediate need to better evaluate the effects of perinatal PCB exposure (i.e. PCB
exposure in developing animals), where the dopamine system is not yet fully matured.
Once it is better understood how PCB exposure alters typical development of the
dopamine system, it will be easier to understand how the resulting changes contribute to
differences in psychostimulant behavioral pharmacology observed in adulthood following
perinatal PCB exposure.
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Chapter 5: Conclusions
PCBs Change the Developing Brain and Behavior but Differently in Each Sex
PCBs are known as an endocrine disrupting chemical (EDC), which means they
can disrupt normal endocrine functions including the normal function of thyroid and
steroid hormones. Thyroid and steroid hormones are involved in the developmental
organization of the nervous system and sexual differentiation in mammals (McCarthy,
Wright, & Schwarz, 2009); therefore, endocrine disruption can have long-term
consequences for the developing nervous system, especially during critical windows of
development. Sex differences between males and females perinatally exposed to PCBs
are not uncommon. Significant findings during the acquisition phase of cocaine IVSA
were observed in both the 3 mg/kg/day and 6 mg/kg/day PCB males (but not females)
relative to non-exposed control males. Likewise, males but not females perinatally
exposed to PCBs exhibited differences on an inhibitory control task (Sable, Eubig,
Powers, Wang, & Schantz, 2009) and in amphetamine behavioral sensitization (Poon et
al., 2013). There were also sex differences in PCB-exposed animals on mPFC VMAT
expression, and to a lesser degree striatal DAT expression (chapter 4). However, both
sexes of the 6 mg/kg/day PCB group demonstrated similar differences in cocaine
behavioral sensitization (Miller, Meyer, Nelms, & Sable, submitted b) psychostimulant
drug discrimination (Sable, Monaikul, Poon, Eubig, & Schantz, 2011), and a decrease in
mPFC DAT expression (chapter 4).
As previously mentioned, it is the male offspring that seem to be particularly
sensitive to perinatal ortho-substituted PCB mixtures (Cocchi et al., 2009; Kostyniak et
al., 2005) such as the ones used in chapters 2-4 (Miller et al., submitted). Maternal ortho
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PCB exposure produces metabolites of hydroxylated PCBs that affect the developing
offspring through gestation and lactation (Liu, Luo, Fu, Zhou, & Kyzas, 2016; Ruiz,
Ingale, Wheeler, & Mumtaz, 2016; Takeuchi et al., 2011). These hydroxylated PCBs are
potent antagonists of androgen receptors and result in lowering androgen receptor (AR)
activity (Takeuchi et al., 2011). This could be due to the fact that the ligand-binding
pocket of AR has a wider structure and can promiscuously bind to various chemicals
(Pereira de Jesus-Tran et al., 2006) like PCBs (Takeuchi et al., 2011). Furthermore,
Aromatase converts testosterone to estradiol and it is this estrogen synthesizing hormone
that plays an important role in sexual differentiation of the brain (Dickerson & Gore,
2007; Lauber, Sarasin, & Lichtensteiger, 1997a; Roselli, 2007). Aromatase does this
conversion by a series of step-wise hydroxylations (Fishman & Goto, 1981). It is
plausible that these hydroxylated PCBs could be interfering with this aromatase process
since PCBs have been shown to lower aromatase activity (Colciago et al., 2009; Hany et
al., 1999; Kaya et al., 2002); however, the exact mechanism is not clear. Therefore, it is
conceivable that these hydroxylated PCBs could disrupt normal steroid hormone
regulation by interfering with aromatase activity (Colciago et al., 2009; Hany et al., 1999;
Kaya et al., 2002) and antagonistic binding to the AR (Takeuchi et al., 2011). Steroid
hormones regulate neurodevelopment in synaptogenesis, apoptosis, and cell to cell
signaling which leads to sex-specific organization of particular brain regions (Berenbaum
& Beltz, 2011; Gore, Martien, Gagnidze, & Pfaff, 2014; Manson, 2008). This
organization affects many things such as locomotor activity, spatial learning memory,
operant behavior and even sweet preference (Day, Reed, & Stevenson, 2016; Foley,
MacFabe, Vaz, Ossenkopp, & Kavaliers, 2014). Additionally, perinatal PCB exposure
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has been shown to interfere with these types of behaviors (Bell, 2014; Bell, Hart, & Gore,
2016; Bell, Thompson, Rodriguez, & Gore, 2016; Lilienthal, Heikkinen, Andersson, van
der Ven, & Viluksela, 2013; Roegge & Schantz, 2006)
Moreover, the male brain is more affected since the aromatase enzymatic process
plays a key role in the masculinization of the developing male brain (Dickerson & Gore,
2007; Lauber et al., 1997a; Lauber, Sarasin, & Lichtensteiger, 1997b; Roselli, 2007).
Hence, lowering aromatase activity can decrease estrogenic neuroprotection for males
which has been shown to upregulate MAO; and in particular affect dopaminergic neurons
in a sex-dependent manner (Kipp et al., 2006; Kuppers, Ivanova, Karolczak, & Beyer,
2000; Tao et al., 2012). Thus, certain regions of the female brain will express less
aromatase which could be neuroprotective against PCBs, while particular peaks in
aromatase in the male brain during perinatal periods (Cisternas et al., 2015) may provide
a mechanism for PCB-induced sex differences (Bell et al., 2016; Colciago et al., 2009).
This theory is intriguing because an alteration in aromatase activity during early
development has been shown to affect dopamine concentrations in the prefrontal cortex
(Lauber et al., 1997b; Stewart & Rajabi, 1994). Likewise, the male brain is more
vulnerable to oxidative stress in the ventral mesencephalic midbrain during dopamine
development (Tao et al., 2012); and since females express more estrogen receptors in this
region which appear to result in neuroprotection (Brinton, 2005; Tao et al., 2012; Zhao,
Woody, & Chhibber, 2015). Moving forward, it will be important to continue to evaluate
PCB-induced sex differences if a solid understanding of the mechanism for PCB-induced
neurotoxicology is to be found.
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Do PCBs Increase Psychostimulant Addiction Risk?
Rats perinatally exposed to PCBs have exhibited alterations in behavior following
administration of cocaine and amphetamine. Adult rats perinatally exposed to PCBs were
more sensitive to the interoceptive cues of cocaine, but less sensitive to the interoceptive
effects of amphetamine as measured in a drug discrimination paradigm (Sable et al.,
2011). Adult rats perinatally exposed to PCBs demonstrated differences in locomotor
activation and behavioral sensitization following amphetamine (Poon et al., 2013) and
cocaine (Miller, Meyer, Nelms, & Sable, submitted b) administration. Using in vivo fixed
potential amperometry (FPA) adult rats perinatally exposed to PCBs exhibited enhanced
stimulated peak dopamine release in the nucleus accumbens core following a single
injection of cocaine (Fielding et al., 2013). However, stimulated peak dopamine release
was attenuated following repeated cocaine injections in the PCB-exposed rats. Additional
results suggested this attenuation may have been tied to depletion in presynaptic
dopamine stores (Fielding et al., 2013). Lastly, perinatal exposure to PCBs altered the
self-administration of cocaine during the acquisition phase (Miller et al., submitted b)
demonstrating a propensity toward addiction (chapter 3). Finally, weanlings perinatally
exposed to PCBs had differences in DAT and VMAT expression found within the mPFC
and striatum (chapter 4). These transporters play an important role in the reinforcing
properties of psychostimulants and any deviation from the typical developmental
trajectory has been shown to produce long-term effects. Overall, these studies indicate
perinatal PCB exposure modifies dopamine synaptic transmission in a manner that is
expected to alter the reinforcing properties of psychostimulants.
Furthermore, PCB exposure has been found to impair executive function,
especially inhibitory control. Inhibitory control impairments have been reported
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following developmental PCB exposure studies in rats (Holene, Nafstad, Skaare, Krogh,
& Sagvolden, 1999; Holene, Nafstad, Skaare, & Sagvolden, 1998; Sable et al., 2009;
Sable & Schantz, 2006), monkeys (Mele, Bowman, & Levin, 1986; Rice, 1997, 1998)
and humans (Jacobson, Jacobson, Padgett, Brumitt, & Billings, 1992; Stewart et al.,
2005; Stewart, Reihman, Lonky, Darvill, & Pagano, 2003; Stewart et al., 2006).
Epidemiological studies have also demonstrated the impact of PCBs on inhibitory control
in human populations. A link between PCB exposure and attention deficit hyperactivity
disorder (ADHD) was found in children whose parents had consumed PCB laden fish
from the Fox River (Eubig, Aguiar, & Schantz, 2010). ADHD is a disorder often
characterized by dopamine dysfunction and inhibitory control problems (Albrecht et al.,
2014; Mulligan, Kristjansson, Reiersen, Parra, & Anokhin, 2014). Also, inhibitory
control deficits are believed to be a result of impaired PFC dopamine neurotransmission
(Robbins & Arnsten, 2009). Recall from chapter 4 that within the mPFC, both the DAT
and VMAT were found to be the affected by perinatal PCB exposure.
These findings are significant because inhibitory control deficits (i.e.,
impulsiveness) are a risk factor for addictive behavior. There is a rich literature
demonstrating inhibitory control deficits contributing to drug abuse and addiction in
humans (de Wit, 2009; Tarter, Kirisci, Feske, & Vanyukov, 2007; Verdejo-Garcia,
Lawrence, & Clark, 2008; Volkow, Fowler, & Wang, 2004; Volkow et al., 2002) and
animals (Belin, Mar, Dalley, Robbins, & Everitt, 2008; Dalley, Mar, Economidou, &
Robbins, 2008; Jentsch & Taylor, 1999; Mitchell, Reeves, Li, & Phillips, 2006; Perry,
Larson, German, Madden, & Carroll, 2005; Winstanley, Olausson, Taylor, & Jentsch,
2010). Environmental factors have been demonstrated to play an important role in the
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addiction process. Evidence suggests that exposure to environmental toxicants are
capable of affecting the dopaminergic system and can render one vulnerable to drugs of
abuse (Jones & Miller, 2008). For example, developmental lead (Clifford et al., 2011;
Miller, Nation, & Bratton, 2001; Nation, Smith, & Bratton, 2004; Rocha, Valles, Bratton,
& Nation, 2008; Rocha, Valles, Hart, Bratton, & Nation, 2008), cadmium (Nation &
Miller, 1999), manganese (Guilarte et al., 2008; McDougall et al., 2008; Reichel et al.,
2006), and methylmercury (Eccles & Annau, 1982; Rasmussen & Newland, 2001; Reed,
Banna, Donlin, & Newland, 2008; Wagner, Reuhl, Ming, & Halladay, 2007) have all
been shown to alter dopamine neurotransmission and contribute to enhanced
psychostimulant abuse.
Taken all together, these results lend support to a link between developmental
PCB exposure, dopamine dysfunction, inhibitory control problems, and a propensity
toward addiction in adulthood. However, epidemiological studies are needed to confirm
whether these results translate to a human population. Lastly, the fact that similar
behavioral outcomes are also observed following exposure to other dopamine-disrupting
compounds, suggests the focus needs to shift away from studying a single contaminant,
and move toward understanding a common mechanism.
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